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Abstract 
  
Abstract 
Production of ceramic reinforced thin sheet steel composites for automotive 
application with low density, high elastic modulus and strength is the aim of current 
study. Within this work, potential of various ceramic phases and possible processing 
routes were studied, summarized and compared through literature research. 
Laboratory production of TiC, TiB2 and Fe2B reinforced steel composites through 
conventional melting-casting route, twin roller route and powder metallurgy method 
were carried out. Physical and mechanical properties of all the developed products 
were examined. Wear resistance and high temperature properties were tested on 
selected material. 
The materials achieved in the current investigation demonstrated homogenous 
distribution of ceramic phases in the steel matrix. Ceramic strengthened composites 
showed higher specific elastic-modulus as well as strength compared with 
conventional steels. Ductility and joinability were reduced due to addition of ceramic 
phases. In order to restrict the side effects, volume fraction of ceramic phase should 
be limited up to 10%. Among all the materials, concept Fe-5%TiB2 possessed the 
best combination of property, alloying cost and producibility. 
With respect to internal oxidation tests under O2 atmosphere on Fe-Al and Fe-Si 
alloys, the target was not successfully achieved. Therefore, no further testing on 
mechanical properties was performed. 
 
Zusammenfassung 
  
Zusammenfassung 
Die Produktion von keramikverstärkten Feinblech mit geringer Dichte, hohem 
Elastizitätsmodul und hoher Festigkeit für Anwendungen im Automobilbau ist das Ziel 
der vorliegenden Studie. Im Rahmen dieser Arbeit wurde das Potential von 
verschiedenen keramischen Phasen und möglichen Prozessrouten erarbeitet, 
zusammengefasst und mit Literatur verglichen. Laborproduktionen von TiC, TiB2 und 
Fe2B verstärkten Stahlsorten wurden mittels konventioneller Schmelzgießroute, 2-
Rollen Bandgießanlage und Pulvermetallurgie hergestellt. Die physikalischen und 
mechanischen Eigenschaften der so entwickelten Erzeugnisse wurden untersucht. 
Die Verschleißfestigkeit und Hochtemperatureigenschaften wurden bei ausgewählten 
Werkstoffen getestet. 
Die Werkstoffe der vorliegenden Untersuchung wiesen eine homogene Verteilung 
der keramischen Phasen in der Stahl Matrix auf. Keramisch verstärkte Stähle zeigten 
sowohl einen höheren spezifischen Elastizitätsmodul als auch eine höhere Festigkeit 
verglichen mit konventionellen Stählen. Zähigkeit und Fügbarkeit wurden verringert 
durch Zugabe von keramischen Phasen. Um die Nebenwirkungen gering zu halten, 
sollte der Volumenanteil von keramischen Phasen 10% nicht überschreiten. Von den 
getesteten Werkstoffen wies Fe-5%TiB2 die beste Kombination der Eigenschaften, 
Kosten für Legierungselemente und Produzierbarkeit auf. 
In Bezug auf interne Oxidationstests unter O2 Atmosphäre bei Fe-Al und Fe-Si 
Legierungen wurde das Ziel nicht erfolgreich erreicht. Aus diesem Grund wurden 
keine weiteren Tests der mechanischen Eigenschaften durchgeführt. 
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Abbreviations and symbols 
Symbol Unit Definition 
A mm2 Wear surface 
A25 % Total elongation 
A50 % Total elongation 
Ag % Uniform elongation 
CAC  Combustion assisted casting 
CAS  Combustion assisted synthesis 
cl m/s Sound velocity in longitudinal direction 
ct m/s Sound velocity in transverse direction 
Df 
 Driving force for wetting 
DRS  Direct reaction synthesis 
E GPa Elastic modulus 
E/ρ GPa*cm3/g Specific elastic modulus 
Ec GPa Elastic modulus of composite 
EDS  Energy Dispersive Spectrometer 
Em GPa Elastic modulus of matrix 
Ep GPa Elastic modulus of particle 
EPMA  Electron probe micro-analyzer 
   N Normal force 
GFE  Gemeinschaftslabors für Elektronenmikroskopie 
GHI  Institut für Gesteinshüttenkunde 
H  Batch annealing 
HIP  Hot isostatic pressing 
HSS  High speed steel 
IBF  Institut für Bildsame Formgebung 
ICP  Inductively-coupled plasma 
IEHK  Institut für Eisenhüttenkunde 
IME 
 
Metallurgische Prozesstechnik und 
Metallrecycling 
IOT  Institut für Oberflächentechnik 
IOZ  Internal oxidation zone 
  mm3/Nm Wear rate 
K  Continuous annealing 
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Symbol Unit Definition 
LOM  Light optical microscopy 
LSE  Laser Speckle Extensometer 
MA  Mechanical alloying 
MMC  Metal matrix composite 
MMCs  Metal matrix composites 
OES  Optical emission spectroscopy 
ρ g/m3 or g/cm3 Density 
P Mbar Pressure 
PM  Powder metallurgy 
θ ° Contact angle between solid and liquid phase 
  mm Running radius for wear test 
sl   Interfacial energy between solid and liquid phase 
lg  
 Interfacial energy between liquid and gas phase 
sg  
 Interfacial energy between solid and gas phase 
RD  Rolling direction 
ReH MPa High yield strength 
ReL MPa Low yield strength 
RGI  Reactive gas injection 
Rm MPa Tensile strength 
RM  Rolling mill 
Rp0.2 MPa Yield strength 
RT  Room temperature 
  m Running path for wear test 
SEM  Scanning electron microscope 
SHS  Self-propagating high-temperature synthesis 
T °C or K Temperature 
TKSE  ThyssenKrupp Steel Europe 
Vm  Volume fraction of matrix 
Vp  Volume fraction of particle 
vs m/s Casting speed for twin roller 
Wad  The work of adhesion 
Wv mm
3 Wear volume 
XDTM  Exothermic dispersion process 
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1 Introduction 
The lightweight construction of automotive can be realized through the application 
of high strength steels. Loading capacity of a steel component depends on the 
strength (more precisely formulated by yield strength) and the component shape, 
while the stiffness of a steel component is determined by the materials elastic 
modulus and its component shape. Since both loading capacity and stiffness can be 
influenced by the form of the component, an increase in strength and elastic modulus 
allows a reduction in plate thickness accordingly at constant loading and stiffness. 
Desired enhancement of both strength and elastic modulus could be accomplished 
by introducing of ceramic particles into steels. 
A fascinating combination of scientific, technical and economical characteristics is 
the driving force for development of advanced materials. /Srivatsan 97/ According to 
this principle, metal matrix composites (MMCs) have been received much attention 
as potential structural materials during the past three decades, due to their improved 
properties compared with the conventional materials. 
Metal matrix composites (MMCs) usually consist of ductile metal or alloy matrix 
and embedded rigid ceramic reinforcements. /Tjong 00/ They combine both the 
metallic properties from the metal matrix, such as ductility and toughness, and the 
ceramic characteristics caused by the reinforcement phase, like high strength and 
elastic modulus. Therefore, a variety of attractive physical and mechanical properties 
can be obtained by metal matrix composites, including high specific elastic modulus, 
strength, wear resistance, heat and corrosion resistance, fatigue resistance, thermal 
stability, et cetera, which have been documented extensively. /Mortensen 88/ 
/Srivatsan 95/ 
In the past, the interest was focused on the lighter structural metals, for instance 
titanium, magnesium, and aluminum matrix composites, while less work has been 
carried out on iron or steel matrix composites. /Terry 91/ However, it is of great 
importance to use iron and its alloys as matrix material in composite systems, since 
iron is the most widely used metallic material with a variety of commercially available 
steel grades. /Pagounis 98/ So ceramic reinforced iron and steel matrix composites 
received considerable attention and became the subject of intensive investigation in 
recent years, due to their ease of fabrication, low costs and more isotropic properties. 
/Wang 06/ /Jiang 97/ The incorporation of high elastic modulus and high strength 
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reinforcement phases into steel matrix significantly improves the specific modulus, 
specific strength, and wear resistance of the resulting composites. 
/Parashivamurthy 01/ 
Development of steel-ceramic composites with high elastic, low density and high 
strength is the main target of current study. Within this work, varieties of ceramic 
reinforced steel composites will be produced and the physical and mechanical 
properties will be tested and discussed. 
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2 State of the art 
Currently, research activities are mainly focused on the utilized ceramic 
reinforcement phases, the fabrication routes and the resulting properties of the steel 
matrix composites. The details will be presented in this literature research work. 
2.1 Materials selection 
The materials selection is very important for the whole process and it is described 
in this section. Furthermore, strengthening mechanism of ceramic phases in steel 
matrix will also be discussed. 
2.1.1 Reinforcement phase selection 
In this work, the following criteria should be considered for the ceramic 
reinforcement selection: high elastic modulus and low density, high strength and 
melting temperature, good stability and compatibility with steel matrix, as well as 
relative low cost. /Ibrahim 91/ Selected physical properties of commonly used 
ceramic reinforcements are shown in Table 2.1. Basically, in order to enhance the 
elastic modulus and decrease the density of the final product, the specific elastic 
modulus E/ρ of reinforcement phases should be much higher than it of steel matrix 
(~28 GPa*cm3/g). The eligible ceramic materials with E/ρ more than 40 GPa*cm3/g 
are marked in Table 2.1. 
As listed, most carbides, nitrides, borides and several oxides materials are 
particularly good potential reinforcement elements for steel matrix. Many of them 
(marked material) have already been investigated for the steel matrix composite 
synthesis in the past decades, like Al2O3, Cr3C2, Fe2B, SiC, TiN, TiC, WC, VC, NbC, 
TiB2 and ZrC. Among these ceramic materials, TiC and TiB2 are especially favorable 
materials for steel matrix composites, due to their good wettability and stability in 
steel melt, which are more desirable compared with other ceramic elements. 
/Degnan 02/ /Zhang 07/ These excellent features make them to be used as very 
good reinforcement phases in iron and steel matrix composites. 
However, for ceramic phases AlN, B4C, TiO2, Si3N4 and ZrB2, discussions about 
their application on reinforcing Fe-based matrix were hardly found in the literature. It 
is noted that aluminum nitride (AlN) possesses very high sintering temperature and 
cost, which limit its application as reinforcement phase. /Ma 00/ B4C is known to be 
reactive with Fe-based alloys, forming brittle iron borides and graphite. According to 
2 State of the art 
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Terry’s work /Terry 94/, B4C reaction dissolution with liquid iron alloys is so rapid that 
a liquid-based route for the production of Fe-B4C composite materials is not viable. 
Ceramic 
Density 
g/cm3 
Strength 
MPa 
Expansivity 
10-6/°C 
Melting 
point °C 
Elastic 
modulus GPa 
E/ρ 
GPa* 
cm3/g 
Al2O3 3.98 221(1090°C) 7.92 2045 379(1090°C) 95.22 
AlN 3.26 2069 4.84 1900-2200 310(1090°C) 95.09 
BeO 3.01 24 7.38 2527 190(1090°C) 63.12 
B4C 2.52 2759 6.08 2350 448 177.80 
CeO2 7.13 589 12.42 2000 185 25.94 
Cr3C2 6.74 - - 1800 371 55.04 
Fe2B 7.15 - - 1389 290 40.56 
HfC 12.20 - 6.66 3000-3900 317 25.98 
MgO 3.58 41(1090°C) 11.61 2800 317(1090°C) 88.54 
Mo2C 8.90 - 5.81 - 228 25.62 
NbC 7.60 - 6.84 1900 338 44.47 
SiC 3.21 - 5.40 - 324(1090°C) 100.94 
Si3N4 3.18 - 1.44 1900 207 65.09 
SiO2 2.66 - 1.08 - 73 27.44 
TaC 13.90 - 6.46 3880-3915 366 26.33 
TaSi2 9.10 - 10.80 - 338(1260°C) 37.14 
ThO2 9.86 193(1090°C) 9.54 - 200(1090°C) 20.28 
TiB2 4.50 - 8.28 - 530 117.78 
TiC 4.93 55(1090°C) 7.60 3065 440 89.25 
TiN 5.44 - - 2930 600 110.29 
TiO2 4.20 - - 1870 282 67.14 
UO2 10.96 - 9.54 - 172(1090°C) 15.69 
VC 5.77 - 7.61 2730 434 75.22 
WC 15.63 - 5.09 2800-2870 669 42.80 
WSi2 9.40 - 9.00 - 248(1090°C) 26.38 
Y2O3 5.00 - - - 170 34.00 
ZrB2 6.09 - 8.28 - 503 82.59 
ZrC 6.73 90(1090°C) 6.66 3400 359 53.34 
ZrO2 5.89 83(1090°C) 12.01 2681-2847 132(1090°C) 22.41 
Table 2.1: Properties of ceramic reinforcements /Geiger 89/ /Rack 88/ /Lynch 66/ 
/Shackelford 94/ 
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2.1.2 Steel matrix selection 
Whereas any of commonly available steel phases can be utilized as matrix to 
produce steel-ceramic composites, phases owning high elastic modulus and 
strength, as well as good ductility are more suitable for present work. The excellent 
ductility property of steel matrix is required in order to compensate the ductility 
decrease caused by incorporation of ceramic phases. The physical and mechanical 
properties of different steel phases are presented in Table 2.2. Among all the steel 
phases, ferrite material has the best combination of both high elastic modulus and 
ductility, which is the favorite steel phase to be used as matrix in this work. Besides, 
the outstanding elongation property of austenite steel makes it a potential material for 
the application. Furthermore, duplex steel containing ferrite and austenite phases 
with approximately equal grain size is another option for matrix material. 
Phase 
Yield 
strength 
MPa 
Tensile 
strength 
MPa 
Hardness 
HV10 
Elongation 
% 
Elastic 
modulus 
GPa 
(Interstitial free) Ferrite 100-150 ~280 - ~50 211 
Pearlite 900 ~1000 - ~10 - 
(~0.1wt.%C) Bainite 400-800 550-1200 ~320 ≤ 25 212 
(~0.1wt.%C) Martensite 800 ~1200 ~380 ≤ 5 ~210 
(18wt.%Cr, 8wt.%Ni) 
Austenite  
300 ~600 - ≥ 40 196 
Table 2.2: Physical and mechanical properties of different steel phases /Bleck 08/ 
2.1.3 Composite classification 
On the view of macroscopic, ceramic reinforced steel composites can be divided 
into monolithic and locally strengthened composites. In former case, the ceramic 
reinforcements are homogeneously distributed in the entire body of the matrix, which 
leads to the isotropic properties of the product. /Zhang 07/ In the practical 
applications, the service life of components usually relies on their local region 
property such as hardness, strength and wear property. Therefore, it is desirable that 
the local region is reinforced by ceramic phases, for example surface reinforcing. 
Compared with monolithic composites, fabrication of locally reinforced composites 
reduces processing cost and improvement on poor castability of the monolithic 
composites to some extent. /Jiang 06/ 
2 State of the art 
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Based on a microscopic point of view, both continuous and discontinuous 
distributions of ceramic phases in steel matrix were studied. The classification of the 
composites from both points of view is demonstrated in Figure 2.1. Commonly, 
continuously reinforced composites consist of long net shape ceramic fibers. 
However, development and application of continuous composites have been 
hindered due to high material and processing costs, as well as the easy breakage of 
the fiber nets in the products. The discontinuously reinforced composites include both 
particulates and short whiskers or fibers. In contrast to continuous composites, they 
can be produced with relative low costs and simple manufacturing processes. 
Moreover, the problems associated with fabrication of continuously reinforced 
composites, such as fiber damage, microstructural non-uniformity, fiber to fiber 
contact, and extensive interracial reactions can be avoided in this case. 
Discontinuous composites have been demonstrated to offer essentially isotropic 
properties with substantial improvements in strength and stiffness, relative to those 
available with unreinforced materials. In present work, particulates are more suitable 
to produce reinforced steel composites, due to the high costs and faulted internal 
structure of whisker reinforced composites. /Ibrahim 91/ 
 
Figure 2.1: Classification of composites from macro and micro points of view 
Iron/Steel matrix 
+ 
Ceramic phase 
Monolithic Locally 
Discontinuous Continuous 
Particulate 
Whisker Fiber 
Surface 
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2.2 Fabrication routes 
Generally, there are many routes to fabricate the ceramic reinforced steel matrix 
composites. Until now, a well accepted categorization system of the fabrication 
routes has not been established. According to Tjong and Ma /Tjong 00/, all the 
producing technologies are classified into traditional ex-situ and novel in-situ 
methods depending on the formation mechanism of ceramic phases in steel matrix.  
The traditional ex-situ processes are based on the addition of ceramic 
reinforcements to the matrix material, which is in molten or powder form. In such 
cases, the reinforcing phases are prepared separately prior to the composite 
fabrication. In contrast to ex-situ methods, the reinforcement phases are synthesized 
directly within the steel matrix by chemical reactions between elements or between 
element and compound during the in-situ processing routes. Compared with the 
conventional ex-situ methods, the in-situ routes exhibit several advantages, like 
thermodynamically stable, fine and uniform distribution reinforcement phases in the 
matrix, the clean reinforcement-matrix interfaces and better resulting mechanical 
properties. /Tjong 00/ 
Koczak and Premkumar /Koczak 93/have suggested that the fabrication methods 
can be categorized in terms of the starting phases of matrix and ceramic 
reinforcements, such as solid phase reaction, solid + liquid phase reaction and 
gas + liquid phase reaction. 
In present study, in total 12 fabrication routes, which are mainly applied on 
monolithic particulate reinforcing mechanism, will be introduced and summarized in 
Table 2.3.They have been widely used to produce Al and Cu matrix composites and 
some of them were applied on Fe based composites fabrications. In the six ex-situ 
reaction processes, mechanical alloying and squeeze casting methods are 
considered as direct fabrication routes to produce the material or as complementary 
step for other processes. Besides of theses 12 fabrication route, twin roller thin sheet 
casting process will be also introduced. The detailed information will be discussed in 
this chapter. 
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 Fabrication routes Reaction phases 
E
x
-S
it
u
 r
e
a
c
ti
o
n
 
p
ro
c
e
s
s
 
Powder metallurgy method (PM) Solid ceramic+ solid metal 
Mechanical alloying (MA) Solid ceramic+ solid metal 
Liquid metal-ceramic particulate mixing Solid ceramic+ liquid metal 
Rheocasting Solid ceramic+ liquid metal 
Spray forming process Solid ceramic+ liquid metal 
Squeeze casting/melt infiltration Solid ceramic+ liquid metal 
In
-s
it
u
 r
e
a
c
ti
o
n
 
p
ro
c
e
s
s
 
Exothermic dispersion process (XDTM) Solid ceramic+ solid metal 
Combustion synthesis route (SHS) Solid ceramic+ solid metal 
Combustion assisted casting (CAC) Solid reactants+ liquid metal 
Direct reaction synthesis (DRS) Solid reactants+ liquid metal 
Carbothermic reduction route Solid ceramic+ solid metal 
Reactive gas injection (RGI) Gas + liquid metal 
Table 2.3: Summarizing of fabrication routes for iron/steel matrix composites 
2.2.1 Powder metallurgy method 
Powder metallurgy routes are currently employed on an industrial scale to produce 
magnesium alloys matrix, aluminum alloys matrix, copper matrix and iron/steel based 
metal matrix composites. /Kaczmara 00/ /Parashivamurthy 01/ It is commercially 
available ex-situ fabrication method and used in many applications where retention of 
mechanical properties at elevated temperatures is important. /Degnan 01/ 
Powder metallurgy methods are based on the classical blending of matrix powders 
and reinforcing elements (dispersion powders, platelets or ceramic fibers) and 
followed by pressing, sintering and further treatments like forging or extrusion. 
/Kaczmara 00/ For this method, composites are produced in their final form by 
pressing metal powder into the desired shape, usually in a metal mould, and then 
heating the compacted powder, either concurrently or subsequently for a period of 
time at a temperature below the melting point of the major constituent. 
/Parashivamurthy 01/ In the elemental powder blending technique, reinforcement and 
base elemental powder are blended to obtain a uniform composition, pressing to 
approximately 75% density by cold and hot isostatic pressing technologies. The final 
consolidation is performed by extrusion, forging, rolling or some other hot working 
methods. /Abkowitz 93/ /Parashivamurthy 01/ Solid phase processes invariably 
2 State of the art 
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involve the blending of rapidly solidified powder with particulates, using a number of 
steps as shown in Figure 2.2. 
 
Figure 2.2: Schematic diagram of powder metallurgy route fabrication steps 
/Ibrahim 91/ 
From the positive point, it is suitable to produce steel composites for all kinds of 
ceramic materials and a wide range of volume fractions and sizes of the 
reinforcement particles can be used. Net shape ceramic phase distribution can be 
achieved by powder metallurgy. /Pagounis 98/ /Das 02/ However, production of 
composite via a powder metallurgy route has its limitations. Mixing of matrix powder 
and reinforcing particle must be thorough in order to achieve uniform dispersion of 
the reinforcing phase. The bad interface between steel matrix and ceramic phases 
and the clustering of the reinforcement particles lead to the poor mechanical 
properties of the final products. Besides, many steps of operation cause the high 
production costs and low efficiency. /Galgali 95/ Limited ductility, inferior fracture 
toughness and poor fracture related properties coupled with inferior specific strength 
and inadequate specific stiffness of the composited produced via powder metallurgy 
method, have restricted its use in the newer generation of aerospace, aircraft, 
automotive and military vehicles. 
2 State of the art 
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2.2.2 Mechanical alloying 
Mechanical alloying (MA) was first developed by Benjamin and coworkers at the 
International Nickel Company in the late 1960s /Gilman 83/. It is a solid state powder 
processing method which involves repeated cold drawing and fracture of particles as 
a result of the high energy ball sample collisions. The high energy ball milling 
machine used for this process is presented in Figure 2.3. This method can be used 
as particle refinement step during powder metallurgy or to produce fine grained 
alloyed powder particles in metal-metal and metal-ceramic systems. /Tjong 00/ The 
alloyed powder is subsequently compacted, sintered, and wrought by extrusion or hot 
rolling. 
 
Figure 2.3: High energy attritor-type ball mill used for mechanical alloying 
/Gilman 83/ 
2.2.3 Liquid metal-ceramic particulate mixing 
Liquid metal-ceramic particulate mixing processing route is an ex-situ route. 
During processing, the prepared solid ceramic powder is directly added into liquid 
steel melt. It consists of introduction, retention and suspension of solid particles in 
liquid alloy followed by casting into suitable molds. The homogeneous distribution of 
ceramic particulates is obtained by mechanical stirring. /Parashivamurthy 01/ The 
microstructure of produced composited could by controlled by the original melt 
composition, volume fraction and size of added ceramic particulate, mixing 
temperature and time, as well as the cooling rate during casting process. /Terry 90/ 
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For this route, the interface formed between the steel matrix and the ceramic 
reinforcement is of interest since the characteristics of this region determines the 
load transfer and crack resistance of the composites during deformation. Systematic 
studies of the metal and ceramic interfaces were initiated in the late sixties 
/Ruehle 88/. It is now widely accepted that, in order to maximize interfacial bond 
strength in metal composites, it is necessary to promote wetting and control chemical 
interactions. The fundamentals of wetting of solids by molten metals in relation to the 
preparation of metal matrix composites have been reviewed by Delannay et al. 
/Delannay 87/. The wettability can be obtained by measuring the contact angle θ, 
formed between a solid and liquid phase as defined by Young’s equation and 
Figure 2.4 /Johnson 59/. 
sg  = lg  cos θ + sl  
where sl , sg , and lg  are the interfacial energies between solid and liquid, solid and 
gas, and liquid and gas phases, respectively. 
 
Figure 2.4: Contact angle formed between solid, liquid and gas phases 
/Johnson 59/ 
The driving force Df for wetting and dispersion is affected by the surface tension of 
the liquid metal and the strength of the solid-liquid interface as measured by the work 
of adhesion Wad. When the surface tension of the liquid is known, the work of 
adhesion can be determined experimentally from the measurement of the contact 
angle θ, using the equation /Oh 87/. 
Wad = lg  (1 + cos θ) 
Hence, wetting is achieved when θ <90° (i.e. when lg  > sl ) or when the driving force 
(Df) for wetting exceeds the liquid interface energy (Df > lg ) /Oh 87/. Wetting is 
difficult to achieve in molten metal ceramic system as a result of the high surface 
tension commonly associated with the liquid metal. For example, wetting of carbon 
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and SiC by aluminum and its alloys has been measured and found to be poor below 
950°C /Mortensen 88/. 
For particulate reinforced steel composites, liquid metal-ceramic particulate mixing 
method has the advantages of simplicity, flexibility, cheapness and ease of 
production of composites with complex shapes. /Parashivamurthy 01/ The main 
limitation of this route is caused by the poor interface between steel matrix and 
ceramic particulate, since wetting during the process is difficult to achieve. This will 
lead to insufficient load transfer and crack resistance of the final products. 
2.2.4 Rheocasting 
In rheocasting, the ceramic particulates are added into a metallic alloy matrix at a 
temperature within the solid-liquid range of the alloy, followed by vigorous agitation to 
form low viscosity slurry, as shown in Figure 2.5. The ceramic particulates are 
mechanically entrapped initially and are prevented from agglomeration by the 
presence of the primary alloy solid particles. The particulates subsequently interact 
with the liquid matrix to effect bonding. Furthermore, the continuous deformation and 
breakdown of the solid phases during agitation prevent particulate agglomeration and 
settling. It is thought to result from the breaking of solid dendrites during stirring, into 
spherical solid particles which are then suspended in the liquid as fine grained 
particulates. /Ibrahim 91/ 
The majority of the particulates are found to be homogeneously distributed in the 
matrix, except for the particulates coarser than 340µm which settled during 
solidification. The ceramic phase volume fraction can be obtained as high as 50vol.% 
via rheocasting methods. /Mehrabian 74/ 
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Figure 2.5: Schematic illustration of rheocasting process 
2.2.5 Spray forming process 
Spray forming process is an ex-situ fabrication route, which is defined by spraying 
the prepared ceramic powder into melt steel droplets and results the homogeneous 
distribution of ceramic particulates in steel matrix. The spray forming process is 
shown schematically in Figure 2.6. The first step is Ar or N2 gas atomization of a melt 
stream to produce a spray of 10-500μm droplets. These droplets are deposited at a 
growing sprayed preform surface translated under the spray cone, where any 
residual liquid in the sprayed preform cools relatively slowly and solidifies. /Grant 99/ 
 
Figure 2.6: The diagram of spray forming process /Grant 99/ 
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Production of Fe-based composites by the spray forming process provides a 
potential advantage because the microstructure is free from macro segregations. 
Compared with the traditional powder metallurgy route the spray forming process 
represents a near net shape process with a reduced number of process steps, which 
is appealing for industrial use. Another advantage is the possibility to produce larger 
composite parts. /Li 97/ Besides, it provides a good contact between melt and 
particle. The major challenge in using the spray forming process to produce Fe-
based composites is to obtain a homogeneous particle distribution and a uniform 
particle concentration throughout the deposit. The cooling rate during casting should 
exceed a critical value in order to avoid the particles segregations and obtain 
homogeneous distribution in the matrix material. The critical velocity is dependent on 
the wetting conditions between melt and particles, the viscosity, the particle size and 
the thermal conductivities of the melt and the particle /Stefanescu 90/. Poor wetting 
and small particles tend to increase the problem of particle segregation. 
/Petersen 02/ 
2.2.6 Squeeze casting/melt infiltration 
Squeeze casting combines the processes of casting and forging. Also known as 
liquid metal forging, squeeze casting begins with molten metal, pouring it into pre-
heated bottom half of a die. In this squeeze casting process, the top half of the die 
closes and applies pressure during the solidification process. /Raji 06/ Squeeze 
casting process can be performed to produce Fe-based composites through melt 
infiltration, in which a ceramic fiber preform is inserted in a die, and then a molten 
monolithic alloy is squeeze cast to infiltrate the preform and produce a fiber-
reinforced MMC shaped component, as presented in Figure 2.7. Besides, it is also a 
complementary step to cast the produced Fe-base composite melt. /Zhang 93/ 
Squeeze casting is simple, efficient, and economical. The advantages of squeeze 
casting include elimination of gas and shrinkage porosity, reduction of metal wastage 
and improvement of mechanical properties. Compared with conventional casting 
routes such as sand and investment casting, it has better fluidity of particulate in 
composite melt. In additional, squeeze casting can be used to manufacture near net-
shape components with local ceramic reinforcement in high-stressed locations. 
/Zhang 93/ /Raji 06/ Some of the drawbacks of melt infiltration process include 
reinforcement damage, preform compression, microstructural nonuniformity, coarse 
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grain size, contact between reinforcement fibers or particulates and undesirable 
interfacial reactions /Mortensen 88/. 
 
Figure 2.7: Schematic diagram to illustrate the squeeze casting process/melt 
infiltration /Kopeliovich 08/ 
2.2.7 Exothermic dispersion process 
Martin-Marietta Laboratories developed an exothermic dispersion (XDTM) process 
as in-situ method to fabricate particulate and whisker-reinforced metals matrix 
composites. /Christodoulou 88/ In this technology (Figure 2.8), powders of the steel 
matrix and ceramic reactants are mixed and heated to certain temperature, which is 
usually above the melting point of steel but well below that normally required to 
produce the aimed ceramic phases. The ceramic reactants interact exothermally, 
forming submicroscopic hardening particles in the steel phase. The conventional 
metallurgical processing can be used to produce final shapes such as castings, 
forgings, and extrusions. /Tjong 00/  
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Figure 2.8: Schematic diagram of XDTM process for production of metal matrix 
composites /Christodoulou 88/ 
This is an inexpensive in-situ process. During the in-situ development of 
reinforcements, the process eliminates oxide formation that could weaken the 
interface between the reinforcement and the matrix. And substantial grain refinement 
and improved microstructural uniformity could be achieved via exothermic dispersion 
process. However, there is some possible limitation with regard to chemical and 
thermal stability of a dispersoid phase. Large particles will grow at the expense of 
smaller particles leading to an increase in the average interparticle spacing which will 
then reduce the yield strength of the composites. Another problem may arise when 
the reaction between composites forming elements is less exothermic, in which case 
efforts to produce composites might be unsuccessful. /Tjong 00/ 
/Parashivamurthy 01/ 
2.2.8 Combustion synthesis route 
The combustion synthesis reaction can be conducted in two modes: self-
propagating high-temperature synthesis mode, often referred to as SHS, and 
simultaneous combustion mode often referred to as thermal explosion. In the former 
case, a small part of the reactant is ignited at a high temperature creating a 
combustion wave, which propagates through the entire sample. In contrast, the 
simultaneous combustion mode occurs when the reaction takes place simultaneously 
throughout the reactant mixture once the entire sample has been heated to the 
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ignition temperature. Typical experimental set-ups used for normal SHS mode are 
shown in Figure 2.9 /Capaldi 97/. 
(1) tungsten filament 
(2) sample 
(3) graphite stage 
(4) glove box 
(5) vacuum pump 
(6) PC 
(7) data acquisition system 
(8) pyrometer 
(9) quartz window 
Figure 2.9: Apparatus used for normal SHS experiments /Capaldi 97/ 
Self-propagating high-temperature synthesis (SHS) was widely used to fabricate 
steel ceramic composites for experimental scale. It was developed by Merzhanov 
and his coworkers as an in-situ processing route in the late 1960s. /Tjong 00/ 
/Merzhanov 91/ The SHS process involves the mixing and compacting powders of 
the constituent elements and igniting at a reasonable temperature thus creating a 
combustion wave which propagates throughout the entire portion, involving the 
uniform heating of the whole sample until the ignition point is reached /Saidi 94/. The 
source of heat can be electrical sparks, induction heating, laser, heating wire, 
conventional furnace etc. /Ranganath 97/. SHS is suitable to fabricate the material 
systems, in which with a sufficiently high heat can be synthesized during the 
reactions after ignition, like Fe-Ti-C and Fe-Ti-B systems. Iron acts as dilution in the 
reaction systems and reduces the reaction heat during processing. The stability of 
SHS is shown Figure 2.10 depending on the dilution and starting temperature of the 
reaction. /Saidi 94/ 
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Figure 2.10: Schematic representation of an SHS diagram /Saidi 94/ 
Compared with other fabrication techniques, SHS has many attractive advantages, 
such as high productivity, high purity of the products, low processing costs, 
elimination of the requirement of complex equipment for producing and efficiency in 
energy and time. /Wang 06/ /Jiang 06/ Nonetheless, the ignition temperature and 
heat generation during the processing are hard to control. 
2.2.9 Combustion assisted casting 
Combustion assisted casting (CAC), also known as combustion assisted synthesis 
(CAS), refers to a process in which the combustion synthesis and traditional ingot 
metallurgy are combined to produce in-situ Fe-based composites. This method can 
be used to produce both monolithic and locally reinforced steel composites. In the 
first case, a stoichiometric amount of reactant powders is first blended thoroughly 
and then compacted into pellets. The compacted pellet and the required amount of 
matrix are melted and then cast into a graphite mold. The ceramic reinforcements are 
formed in-situ during melting via exothermic reactions between the reactants. After 
solidification, the homogeneous distribution of ceramic phase in steel matrix is 
achieved. /Tjong 00/ 
For locally reinforced composites, the general procedure could be described as 
follows: the reactants materials are blended with certain stoichiometric ratios and 
then uniaxially pressed to form the preforms. Later, the molten steel preheated to 
certain temperature is poured into a mold where the reactant preforms are preplaced. 
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The surface region of the preform is rapidly heated by the high-temperature steel 
melt and the reactants were ignited, creating a combustion wave, which propagate 
from the surface to the center of the preforms. After solidification, the locally 
reinforced composites are produced. /Zhang 07/ 
2.2.10 Direct reaction synthesis 
Direct reaction synthesis (DRS) refers to a process in which reactant powders, or 
compacts of reactant powders, are directly added into molten steel alloys and the 
ceramic reinforcing particles are formed in-situ through the chemical reactions 
between reactants or between reactant and some components of the melt. /Tjiong 
00/ Besides, ceramic phases in the composites can also be obtained by primary and 
secondary precipitation from the steel melt, which contains appropriate amount of 
reactants. The final shape of produced composite is achieved by casting. The 
microstructure of the composite could be affected by the melt composition and 
uniformity, as well as the cooling rate during casting process. /Terry 91/ 
This processing route has following advantages. The process enables the 
formation of clean interfaces, i.e., free from adsorbed gases, oxides or other 
detrimental surface reactions. This in turn tends to make the matrix-filler interface 
bond strong. The process of generation of the filler phase in-situ excludes the 
manufacture and the handling of the phase separately; thereby reducing the unit 
steps and costs in the process. /Terry 92/. However, a high processing temperature 
is required to fabricate Fe-based composites by direct reaction synthesis route in 
liquid melt. 
2.2.11 Carbothermic reduction route 
The slope of the C(s) + O2(g)=2CO(g) line in the Ellingham diagram is reverse to 
those of the other oxides. Therefore, the C-CO line intersects many oxide lines. It is 
thus possible to reduce many oxides (i.e., Cu2O, PbO, Fe3O4, ZnO, MnO, etc.) by C 
above the temperature at which the C-CO line intersects their oxide lines. Carbon 
being very cheap, in the form of either charcoal or coke, is used for commercial 
production of these metals from their oxides. These reduction processes have to be 
carried out at high temperatures, and hence these are known as carbothermic 
reduction process. /Das 02/ 
The advantage of producing Fe-based composites through carbothermic reduction 
is the reduction of a number of steps and thereby the cost of production. On the other 
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hand, most of the carbothermic reactions are endothermic. Hence, the system should 
have enough heat to supply for the reaction besides melting the charge. /Das 02/ 
2.2.12 Reactive gas injection (RGI) process 
The reactive gas injection process involves the injection of carbon or nitrogen 
carried gas, which reacts with the alloying elements in steel melt , like Ti, Al, V, Nb, 
etc., and forms carbides or nitrides, as schematic presented in Figure 2.11. 
/Koczak 89/ It can be used as in-situ route to produce carbides and nitrides 
reinforced steel composites. During the process, steel alloy is melted in a crucible at 
an appropriate processing temperature and the carbonaceous or nitrogenous gas is 
introduced into the melt via a gas injector system. The reaction is conducted at a 
constant temperature for an appropriate length of time to ensure complete reaction 
between gas and alloy elements. Afterwards, the melt is casted into final form. The 
processing time and temperature depends upon the gas partial pressure and alloy 
composition. /Parashivamurthy 01/ 
 
Figure 2.11: Schematic presented RGI process /Koczak 89/ 
This synthesis route has the advantage of thermodynamic stability, fine 
reinforcement in the matrix and clean interface leading to improved ambient and 
elevated temperature strength and fracture toughness. However, the gas injection 
and original melt chemical composition should be controlled in order to achieve the 
complete reaction between them. 
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2.2.13 Twin roller thin sheet casting process 
Twin roller thin sheet casting process is the most recent innovative casting 
technology. In a twin roller casting system, liquid steel is poured from a ladle and 
flows into the tundish. Then tundish has the function to buffer the steel melt and 
control the temperature. Liquid steel is injected through a nozzle into the rotating twin 
rollers, which are water-cooled. After the twin rollers, the liquid melt is solidified and 
cast into thin sheet. /Luiten 03/ Normally, a fine primary microstructure with globular 
center zone is formed with rapid cooling. /Senk 00/ Inline hot rolling sheets can be 
achieved by adding hot rolling mills. High casting speeds are required, in order to 
achieve high productivity. The major advantage of twin roller thin sheet casting 
technology is the direct production of semi-finish products, which leads to reducing of 
the capital expenditure and energy costs of steel plants. /Luiten 03/ 
This new technology has been developed in many countries, such as France, 
Japan, Italy, Germany and so on. Twin roller thin sheet casting system was built in 
Germany, e.g. in the Krefeld steel plant with industrial scale and at IBF RWTH with 
laboratory scale by TKSE. Up to the present, little discussion about application of 
twin roller thin sheet casting process on metal-ceramic composites producing was 
found in the literature. However, this new technology is of great interest for steel-
ceramic composites fabrication. It could be applied by both ex-situ and in-situ ways, 
which are investigated and discussed in the current work. Further information will be 
introduced in chapter 3 and chapter 4. 
2.2.14 Summarization 
The positive and negative factors focusing on microstructure, production costs and 
resulted properties of six ex-situ fabrication routes are summarized in Table 2.4. For 
ex-situ methods, the common disadvantage is the bad interface between steel matrix 
and ceramic phases, which leads to the poor mechanical properties of the final 
products and limits their application on Fe-based composites production. 
Nevertheless, powder metallurgy method is suitable to manufacture the Fe 
composites with certain ceramic phases, which possess excellent physical properties 
but hard to be fabricated via other methods, such as B4C and SiC. In additional, 
mechanical alloying and squeeze casting methods can be used as complementary 
steps to reduce the particle size and improve the casting properties respectively. 
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Ex-situ PM MA 
Particle 
mixing 
Rheo-
casting 
Spray 
forming 
Squeeze 
casting 
Positive 
factors 
All ceramic 
materials 
Reduction 
particle 
size 
Simplicity 
flexibility 
Reduction 
steps and 
costs 
Free macro 
segregation 
Simple 
efficient 
Volume 
fraction 
and size 
Comple-
mentary 
process 
Low cost 
High 
volume 
fraction 
Large 
composite 
parts 
No 
porosity 
Negative 
factors 
Poor interface between steel matrix and ceramic phases 
Poor mechanical properties 
Non-
uniformity 
No 
application 
on Fe  
- 
No 
application 
on Fe  
Non-
uniformity 
Net 
damage 
High costs  
Particle 
segregation 
Non-
uniformity 
Table 2.4: Positive and negative factors of ex-situ fabrication routes 
Analogously, advantages and disadvantages of the in-situ methods are listed in 
Table 2.5. Compared with ex-situ methods, the produced composites via in-situ 
methods possess better interface between the two phases and improved mechanical 
properties. Among all these methods, SHS route is outstanding because of the purity 
products and relative low costs. Direct reaction synthesis is favorable due to the easy 
handled liquid reactions and low production costs. Besides, reactive gas injection 
process can be applied for nitrides reinforcement phase production. It is attractive 
also due to the fine grain size in the final products. 
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In-situ XDTM SHS CAC DRS 
Carbon 
reduction 
RGI 
Positive 
factors 
Good interface between steel matrix and ceramic phases 
resulted better mechanical properties compared with ex-situ methods 
Uniformity 
High purity 
products 
Both 
monolithic 
and local 
types 
Reduction 
steps Reduction 
steps 
Fine grain 
size 
Low costs Low costs Low costs 
Reduction 
steps 
Negative 
factors 
Exothermic 
system 
Low Fe 
fraction 
- 
High operating 
temperature 
High 
energy 
cost 
Hard to 
control Particles 
growth  
Hard to 
control 
Table 2.5: Advantages and disadvantages of in-situ fabrication routes 
Twin roller thin sheet casting process was not included either in the ex-situ or the 
in-situ table, because it could be operated by both ex-situ and in-situ ways. 
2.3 Production and properties of Fe-based composites 
Ceramic reinforced iron and steel matrix composites received considerable 
attention and became the subject of intensive investigation in recent years, due to 
their ease of fabrication, low costs and more isotropic properties. /Wang 06/ /Jiang 
97/ /Jiang 06/ The produced composites combine both the metallic properties from 
the steel matrix, such as ductility and toughness, and the ceramic characteristics 
caused by the ceramic phases, like high strength and high elastic modulus. Physical 
and mechanical properties of the final products depend on different reinforcement 
phases and fabrication routes. The production course and resulted properties of 
commonly studied Fe-based composites in the literature will be discussed in this 
chapter. 
2.3.1 Fe-TiC composites 
Titanium carbide is one of the hardest materials to be found and the most stable 
carbides during iron sintering. /Persson 02/ In additional, it is practically insoluble in 
iron and not forming ternary phases. The optimal content of titanium carbide in the 
matrix is about 10% volume fraction. /Popov 96/ Because of its attractive factors, 
titanium carbide is widely used to produce steel matrix composites. The reinforced 
2 State of the art 
 27 
composites offer a better combination of strength, electrical resistivity, magnetic 
saturability, toughness, corrosion resistance and machinability compared with tool 
steels, alloy steels and the family of superalloys steel matrix. /Srivatsan 97/ 
2.3.1.1 Powder metallurgy produced Fe-TiC composites 
Many investigations have been carried out to fabricate TiC steel composites 
through powder metallurgy method in the literature, and the physical and mechanical 
properties of the product were discussed. In Srivatsan’s work /Srivatsan 97/, the TiC-
Fe composites were produced by conventional powder metallurgy processing 
technique. The investigation was based on the tool steel matrix reinforced by TiC 
with volume fractions 35% and 45%. Examination of the composite microstructure 
revealed a near uniform distribution of the particulate reinforcements through the 
metal matrix. As shown in Figure 2.12, the TiC particles have the shape and size of 
normal carbides. Interface developed without solution processes and chemical 
reaction between particle and matrix, i.e. mechanical bond. 
 
Figure 2.12: Scanning electron micrograph of the commercial Fe-TiC composite 
developed by powder metallurgy method /Srivatsan 97/ 
Elastic modulus of the composites was higher than that of the unreinforced matrix. 
The results of tensile testes revealed that at ambient temperature, the elastic 
modulus of the composite with 45% TiC was increased by 10% in comparison to that 
of the matrix without reinforcement, from 207 GPa to 238 GPa. The data of elastic 
modulus was compared with mathematical models results, as shown in Figure 2.13. 
In the diagram, iso strain model is evaluated by equation Ec = VpEp+EmVm, which 
shows linear relationship and iso stress model is described by equation Ec = 
EpEm/(VpEm+EpVm), where Ec, Em, Ep are elastic modulus of the composite, matrix 
5µm 
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and particles respectively and Vm, Vp are the volume fraction of matrix and particle 
respectively. Halpin-Tsai model equation is Ec = Em(1+2sqVp)/(1−qVp), where q = 
(Ep/Em−1)/(Ep/Em+2s) and s is aspect ratio of particles. Generally, Halpin-Tasi model 
is applied for the composite elastic modulus prediction. /Parashivamurthy 01/ From 
the diagram, it can be seen that elastic modulus increases with increasing TiC 
fraction for all the methods. The experimental results are much lower than the 
calculated values. The reason for this phenomenon was not discussed in this study. 
Poor interface between particles and matrix from powder metallurgy route could be 
the reason for the low experimental results. 
 
Figure 2.13: Comparison of predicted and experimentally determined elastic 
modulus of Fe-TiC composites /Srivatsan 97/ /Parashivamurthy 01/ 
Pagounis, Talvitie and Lindroos /Pagounis 96/ /Pagounis 97/ worked extensively 
on TiC reinforced white iron matrix composites produced by hot isostatic pressing. In 
the study, high-Cr white iron powder (Fe-26wt.%Cr-2wt.%C) was mixed thoroughly 
with 10, 20 and 30vol% stoichiometric TiC powder via HIP. The effect of 
reinforcement particle size on wear resistance was also studied by varying the TiC 
powder sizes (fine TiC particles having a size distribution of 5.6 to 22.5μm and 
coarse TiC particles having a size distribution of 50 to 100μm). It was found by the 
authors that the wear resistance increased with the increase of TiC volume fraction 
and the composites reinforced with fine particles were more wear resistant compared 
with the composite reinforced with coarse particles, as illustrated in Figure 2.14. 
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Figure 2.14: Wear resistance vs. TiC volume fraction for high-Cr white iron 
composites austenized at 1160°C /Pagounis 96/ 
In a subsequent paper Pagounis et al. /Pagounis 97/ described the microstructure 
and mechanical properties of TiC reinforced hot worked tool steel composites 
produced by hot isostatic pressing. The final products exhibited improvement of wear 
resistance and hardness. In additional, there was a uniform distribution of TiC phase 
in fully densified material and no significant reaction between steel matrix and TiC 
particles was found. However, the ductility of the composite was reduced. 
Bolton and Gant /Bolton 97/ studied the microstructural development and sintering 
kinetics of high speed steel based composites reinforced with TiC. The composites 
were made through a conventional sintering route. It was concluded by the authors 
that the relative volume fraction, composition and type of primary carbides present in 
the high speed steel were altered due to the presence of TiC in the composites. In 
Doğan’s work /Doğan 99/, the wear resistance of eight titanium carbide TiC 
reinforced metal matrix composites was investigated under different wear conditions. 
The TiC particles were dispersed in various steel and nickel matrices using a powder 
metallurgy technique. Volume fraction of TiC particles in these composites varied 
between 0.35 and 0.45. The results showed improved wear resistance of produced 
composites. 
2.3.1.2 Liquid metal-TiC particulate mixing produced Fe-TiC composites 
The effective factors of TiC wetting in iron and steel melt are critical conditions to 
produce Fe-TiC composites via liquid metal-ceramic particulate mixing route. 
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According to Naidich /Najdich 81/, measured contact angles for iron and TiC are 
given in Table 2.6. In sessile drop measurements of the interfacial tension of the tool 
steel on TiC, Kiparisou /Kiparisoy 76/ found that less wetting occurs in hydrogen than 
in argon atmosphere. 
Temperature, °C Atmosphere Contact angle 
1550 Hydrogen 49° 
1550 Helium 36° 
1490 Vacuum 28° 
Table 2.6: Wettability of TiC by iron /Najdich 81/ 
However, there is very little discussion in the literature about attempts to produce 
TiC particulates reinforced steel composites through this method. In one such 
attempt /Terry 91/, composite was produced by induction heating of iron and TiC 
powder mixed with molten iron to get Fe-TiC composites. The dispersion test 
developed and conducted by Terry and Chinyamakobvu /Terry 91/ /Terry 92/ to 
produce TiC reinforced steel composites showed that the use of low carbon iron alloy 
favors dissolution of the TiC whereas their dispersion is favored by high contents of 
dissolved carbon or titanium in liquid iron. Under such conditions, good wetting of the 
TiC by the liquid alloy permits the production of well dispersed TiC composites /Terry 
92/. 
Kattamis /Kattamis 90/ has produced Fe-TiC composites by mixing of TiC powder 
in steel melt. Small specimen of composite (2-5g) were processed by melting iron, 
low carbon (0.4wt.%) steel in a high frequency furnace under argon and mixing TiC 
powder at nominal volume fraction of 0.2-0.7 through electromagnetically induced 
stirring. Figure 2.15 shows the microstructure of the product and the carbide 
particles partially dissolve in the matrix and stick together. The results show that the 
microstructure of the composites can be controlled by the original melt composition, 
volume fraction and particle size of TiC added, mixing temperature and time and 
cooling rate. Wear resistance of the processed composite is improved. 
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Figure 2.15: Optical micrograph of composite developed by dispersing carbides in 
the steel matrix by casting route /Kattamis 90/ 
2.3.1.3 Combustion synthesis route produced Fe-TiC composites 
The combustion synthesis of the Fe-TiC system has been studied extensively. 
Saidi et al. /Saidi 94/ used the thermal explosion mode to produce Fe-TiC composite. 
Carbon black and Ti powders were mixed at an equi-atomic ratio. Then, the Fe 
powder was added to obtain products with Fe compositions ranging from 2.7 to 
85vol.%. The powder mixture was compacted in a ceramic die rather than in a steel 
die to avoid segregation of Fe due to its magnetic effect. The pre-compacted 
samples were heated to the ignition temperature under an argon atmosphere in an 
induction furnace. During the reaction process, Ti and Fe powders reacted in the 
solid state to produce FeTi2. Later, C dissolved in the molten droplets of FeTi2 and 
subsequent formation of TiC released enough heat to initiate a self-sustaining 
reaction. The authors also found that an increase in the amount of Fe leads to a 
decrease in the combustion temperature, as more of the exothermic heat was 
absorbed. In a subsequent paper Capaldi, Saidi, and Wood /Capaldi 97/ studied the 
combustion synthesis of Fe-TiC by both thermal explosion and normal SHS mode. It 
was found that the morphology of the products obtained was similar in both reaction 
modes. 
Fan et al. /Fan 99/ evaluated the microstructural evolution of Fe-TiC by the 
combustion synthesis method. Iron powders of 30wt.% were incorporated into a 
mixture of Ti and carbon black powders with an equi-atomic ratio. The compacted 
sample was ignited in a reaction chamber with incandescent graphite flat at a 
pressure of 0.1MPa of argon. Authors suggested that the combustion reaction in Ti 
particles mainly took place in the solid state. The TiC particles appeared as isolated 
50µm 
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spherical particles surrounded by the binder phase, and were not agglomerated or 
angular, as shown in Figure 2.16. 
 
Figure 2.16: Scanning electron micrographs of combustion-synthesized product: 
(a) the macrostructure; (b) the microstructure /Fan 99/ 
In Persson’s work /Persson 02/, the Fe-TiC composites with 60vol.%TiC were 
produced through SHS experiments. The powder mixture had the composition of 
Fe10Ti12C4 by weight. The powder used was carbonyl iron with an average diameter 
of 5µm, titanium powder (99.5%) and graphite powder with an unknown size 
distribution. The results indicated that the produced material had a relatively high 
degree of porosity. Therefore, the manufacturing of Fe-TiC composites using SHS 
has difficulty for handling the intrinsic porosity during the reaction. 
SHS route can also be used with combination of other methods to produce Fe-TiC 
composites. Degnan /Degnan 01/ fabricated the TiC-reinforced steel matrix 
composite using a liquid metal-TiC particulate mixing method, in which the TiC 
particulate was produced using SHS reaction and consisted of a dispersion of fine 
TiC particles (5-10µm) in an iron binder. The produced composites exhibited 
improved wear resistance over its unreinforced counterpart. Another such attempt 
was carried out by Wood /Wood 95/ for wear applications. Fe-(W,Ti)C composite 
granules containing up to 80wt.% carbides have been produced by SHS reaction and 
distributed in steel melts. Additions up to 17wt.% carbide have been made to 
0.4wt.%C steel which was subsequently cast and hot rolled to plate. The most 
significant improvement as a fraction of carbide additions was seen in abrasive wear 
performance. 
300µm 6µm 
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From the above discussion it is quite clear that the combustion synthesis of the 
Fe-TiC system has been studied quite extensively. This method is suitable to 
produce the steel composites with high volume fraction of TiC. 
2.3.1.4 Direct reaction synthesis produced Fe-TiC composites 
In order to achieve the TiC uniform distribution in steel matrix through this method, 
the solubility of TiC in the steel alloy should be increased. In this case, the 
precipitation in liquid phase is suppressed and TiC particulates are formed during 
solidification, which leads to smaller grain sizes and uniform distribution of TiC 
particles in the final products. 
Pseudobinary section of TiC0.9 −Ti0.015Fe0.985 as shown in Figure 2.17 indicates 
that the solubility of TiC in liquid iron decreases with decreasing temperature from 
about 22mol% at 1600°C to about 13mol% at the eutectic temperature of 1475°C. 
The iron rich corner of the Fe-Ti-C phase diagram according to Chambers et al. 
/Chambers 87/ based on the data obtained by Murakami /Murakami 59/ is shown in 
the Figure 2.18. The figure gives information about the effect of dissolved C and Ti 
on the solubility of TiC in liquid Fe-Ti-C. From the diagrams, it is seen that the use of 
low carbon iron alloys favors dissolution of TiC. 
 
Figure 2.17: Pseudobinary section TiC0.9-Ti0.015Fe0.985 according to /Booker 79/ 
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Figure 2.18: Iron rich corner of Fe-Ti-C phase diagram according to /Chambers 87/ 
based on data from /Murakami 59/ 
Many studies have been carried out to produce Fe-TiC composites through direct 
reaction synthesis route in liquid steel melt. Terry and Chinyamakobvu /Terry 91/ 
produced Fe-TiC composite by adding carbon in the form of coal to molten Fe-Ti 
alloy in an induction furnace. The melt was maintained at 1550°C for 20 minutes to 
complete the reaction. The composite was also produced by addition of Ti filings to 
levitated drop of 3wt.%C cast iron. The reaction at 1600°C for 80 seconds virtually 
completed the conversion of Ti to TiC. The microstructure of the composites 
produced by both methods showed uniform distribution of discrete TiC particles. 
Raghunath et al. /Raghunath 95/ prepared Fe-TiC composites in MgO lined 
induction furnace with a blanket of N2 gas over the melt. The ductile iron was melted 
in the furnace and upon reaching the temperature of 1450°C, ferrotitanium was 
added. The composites containing up to 10vol.%TiC was statically cast. However, 
the composites containing large volume fraction of TiC could not be poured. 
Therefore, it was squeezed under a pressure of 1000 psi and allowed to solidify in 
the crucible within the furnace followed by remelting and solidification under vacuum 
(10-6torr) in a resistance furnace. The microstructure showed uniform distribution of 
spheruletic TiC. 
Another attempt in the field of ductile iron has been carried out by Jiang et al. 
/Jiang 97/. This work studied the microstructural characteristics of in-situ synthesized 
10 and 30vol.% Fe-TiC composites, which represented of low and high volume 
fraction Fe-TiC composites, respectively. Experiments were conducted in an 
induction furnace under argon protection. Initially ductile iron was melted and upon 
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reaching the processing temperature of 1450-1600°C according to the resultant 
product composition, titanium filings were added. The microstructure of the 10vol.% 
Fe-TiC composite was shown in Figure 2.19 a). Fine particulates are distributed 
uniformly in the matrix. Figure 2.19 b) is the microstructure of 30vol.% Fe-TiC 
composite. It can be seen that, besides flaky graphite, there are precipitates with 
various morphologies and inhomogeneous distribution in the matrix, i.e., cubic, 
spherical, cross and dendritic crystals. 
 
Figure 2.19: Microstructure of 10vol.%TiC composite in a) and 30vol.% in b) 
/Jiang 97/ 
Skolianos et al. /Skolianos 94/ prepared Fe-TiC composites in a high frequency 
induction furnace by melting pieces of stainless steel and then adding the appropriate 
amounts of Ti and graphite under an argon atmosphere. The cooling rate was varied 
by casting the composite in graphite or a cast iron mould. The authors concluded that 
for a given volume fraction of TiC and particle size, the wear rate increased with a 
softer matrix and the friction coefficient decreased with the microhardness of the 
matrix. 
The Fe-TiC composites were made by Kattamis et al. /Kattamis 90/ by 
precipitation of TiC from Fe-Ti-C melt. In the process, cast iron was melted in an 
induction furnace under argon and then appropriate amounts of Ti and Fe were 
added to get different volume fractions of TiC. Melts were undercooled and nucleated 
at about 10°C below the TiC liquidus followed by either rapid quenching (resulting 
martensitic matrix), or argon cooling/slow cooling (resulting pearlitic matrix). The 
authors concluded that the microstructure of the composite obtained by precipitation 
of TiC from Fe-Ti-C melt could be altered by controlling the melt composition, 
uniformity, and cooling rate. It was also concluded by the authors that the specific 
100µm 100µm 
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wear resistance increased with the increase of TiC volume fraction and with the 
decrease of carbide particle size and spacing. 
TiC reinforced Fe-based (Fe-Mn-Ti-C) composites were made by melting the alloy 
at 1873K in an induction furnace under an inert atmosphere followed by gas 
atomization with high purity argon by Popov et al. /Popov 96/. The microstructure of 
the materials showed a uniform distribution of very fine TiC particles (0.3-0.5μm) in 
an austenitic matrix. It was able to get 0.3-0.5μm size TiC particle by gas atomization 
of the melt. Popov et al. did some thermodynamic calculations to show that an 
addition of Mn in Fe-C alloy increased the solubility of TiC in the alloy resulting in a 
uniform distribution of TiC particles. 
It is quite clear from the above discussion that all the composites were produced 
either by adding C to Fe-Ti alloy or Ti to Fe-C alloy and the proportion of each 
element was adjusted to get the desired volume fraction of TiC as well as the matrix 
composition /Kattamis 90/ /Terry 91/. Also, the maximum Ti and C contents in the 
melt should be restricted to 8-10wt.% and 3-4wt.%, respectively to obtain optimum 
fluidity /Galgali 95/. Therefore, smelting route is only applicable for the preparation of 
ferrous composites with a low volume fraction of TiC. 
2.3.1.5 Carbothermic reduction route produced Fe-TiC composites 
Terry et al. /Terry 91/ tried direct carbothermic reduction of ilmenite (FeTiO3) or 
rutile (TiO2) to produce small quantities of composite. The following reactions were 
considered by the authors: 
x Fe + FeTiO3 + 4C = (x +1) Fe + TiC + CO (for ilmenite) 
x Fe + TiO2 + 3C = x Fe + TiC + 2CO (for rutile) 
In order to obtain a required Fe/TiC ratio in the composite, an excess amount ‘x’ of 
iron powder was added. In this process pellets consisting of Fe powder (C saturated), 
rutile or ilmenite, collie coal mixture in various proportions were heated in a tube 
furnace in the temperature range of 1300°C to 1600°C under a flowing argon 
atmosphere. The process produced Ti (O, C) rather than TiC as the reinforcement 
phase and it was attributed to a lower reduction temperature. Excellent dispersions of 
Ti (O, C) were obtained above 1450°C. 
Some researchers also produced the Fe-TiC composite by carbothermic reduction 
of ilmenite or rutile /Galgali 95/ /Terry 91/. The feasibility of various reactions and 
temperatures required for smelting of ilmenite by C can be readily ascertained by the 
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knowledge of thermodynamics. Two most important reactions that can be considered 
are as follows: 
FeTiO3 (s) +3C (s) = Ti (s) +Fe (s) +3CO (g) (1) 
0
TG = 202968.3 − 117.56T Cal 
Hence, 0TG  =0 at T =1726.5 K 
FeTiO3 (s) +4C (s) = Fe (s) +TiC (s) +3CO (g) (2) 
0
TG  = 158,368.3–114.4T Cal 
Hence, 0TG  =0 at T =1384.3 K 
It may be noted that TiC formation requires a lower temperature compared with that 
for the formation of metallic Ti. Hence, the reaction product of carbothermic reduction 
of ilmenite would contain TiC in a Fe matrix. 
Another work in similar lines was carried out by Chen et al. /Chen 97/ and it was 
found that an improvement in the efficiency of the above process to obtain composite 
could be achieved by high-energy ball milling of the reaction mixture. It was shown by 
the authors that even at 1000°C Fe-TiC composite could be produced from a ball 
milled mixture of ilmenite and graphite. 
2.3.2 Fe-TiB2 composites 
Titanium diboride is another potential ceramic reinforcing material for iron and 
steel matrix composites. It possesses a high melting point at 2790°C, and a high 
hardness about 33 GPa, as well as a high elastic modulus about 530 GPa and a very 
low density (4.451 g/cm3). Moreover, TiB2 is relatively stable in liquid iron. /Wang 06/ 
Therefore, it is considered as one of the best reinforcement phases for achieving 
high strength and elastic modulus in the steel matrix composites. In additional, steel 
matrix composites reinforced with TiB2 particulates have increased hardness, and 
wear resistance. /Tjong 00/ 
2.3.2.1 Powder metallurgy produced Fe-TiB2 composites 
Several discussions were found in the literature about the manufacturing of Fe-
TiB2 composites through powder metallurgy route. Japanese researchers Tanaka 
und Saito /Tanaka 98/ fabricated Fe-TiB2 composites with 10-46vol.%TiB2 through 
both pre-mix and in-situ powder metallurgy processing route. Stainless steel SUS430 
(Fe-17Cr) powders with particle size of 45μm were mixed with TiB2 powders of 
average size 4μm to produce the pre-mixed samples. Approximately 45μm size Fe-
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43Ti and Fe-22B powders mixtures were sintered in vacuum at 1473K for 1hour. The 
composites were synthesized through the in-situ reaction of ferrotitanium and 
ferroboron powders. The results indicated that the elastic modulus and specific 
elastic modulus increased with raising TiB2 volume fraction. The measured elastic 
modulus of both composites agreed very well with the theoretically predicted values 
by Hashin and Miodownik /Hashin 63/ /Fan 92/, as shown in Figure 2.20. 
 
Figure 2.20: Change in elastic modulus of Fe-TiB2 composites with increase of TiB2 
content /Tanaka 98/ 
In a subsequent work of Tanaka /Tanaka 98/, they have investigated the 
microstructure and mechanical properties of TiB2-reinforced stainless steel 
composites produced via powder metallurgy method. Analogously, two kinds of 
composites with 10-30vol.%TiB2 were prepared via pre-mix and in-situ reaction 
powder metallurgical process. The metallographic investigation denoted that TiB2 
particles of a few microns in diameter were successfully incorporated into Fe-Cr 
ferrite matrix by pre-mixing, and finer particles less than 1µm were synthesized 
through the in-situ reaction method. The measured elastic modulus with different TiB2 
volume fraction was presented in Figure 2.21. No big difference between pre-mixed 
and in-situ produced composites was observed. The improvement of both the tensile 
and fatigue strength was much remarkable due to the TiB2 particles, especially for 
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the in-situ formed composite, as demonstrated in Table 2.7 and Figure 2.22. 
However, significant reduction of elongation for both composites was observed. The 
sintered composites provided sufficient hot workability at temperatures higher than 
1273K in upsetting tests. Besides, the mechanical property studies showed that the 
wear resistance was largely improved by incorporating TiB2 particles. 
 
Figure 2.21: Elastic modulus of both Fe-TiB2 composites with different TiB2 fraction 
/Tanaka 98/ 
TiB2 
vol.% 
Yield strength 
MPa 
Tensile strength 
MPa 
Elongation 
% 
Pre-mix In-situ Pre-mix In-situ Pre-mix In-situ 
10 412 565 625 873 15.6 10.5 
20 479 776 712 1007 8.2 2.6 
30 554 1107 788 1119 5.1 0.7 
Table 2.7: Tensile properties at the room temperature of Pre-mix and In-situ 
produced Fe-TiB2 composites /Tanaka 98/ 
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Figure 2.22: Tensile properties at the room temperature of Pre-mix and In-situ 
produced Fe-TiB2 composites /Tanaka 98/ 
Tjong and Lau /Tjong 00/ have produced Fe-TiB2 composites for the wear 
resistance applications through powder metallurgy route. They made experiments on 
AISI 304 stainless steel matrix (45μm) reinforced with 5, 10, 15 and 20vol.%TiB2 
(45μm) by HIP process. The results of the tensile tests of all specimens investigated 
are summarized in Table 2.8 and Figure 2.23. It revealed that the additions of hard 
ceramic particles improved the mechanical strength of stainless steels, but ductility 
property was degraded with raising the volume fraction of TiB2. The results of wear 
resistance study showed that the TiB2 particle addition was very effective to improve 
the wear resistance of soft and ductile austenitic stainless steel. 
Specimens 
Yield strength, 
MPa 
Tensile strength, 
MPa 
Elongation, 
% 
304 stainless steel 273 610 38 
5vol.%TiB2/304 348 - 28 
10vol.%TiB2/304 398 610 16 
15vol.%TiB2/304 430 622 9.3 
20vol.%TiB2/304 452 619 6.7 
Table 2.8: Mechanical properties of Fe-TiB2 composites /Tjong 00/ 
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Figure 2.23: Mechanical properties of Fe-TiB2 composites /Tjong 00/ 
Another attempt was performed by Baxter el at /Baxter 04/. They produced the 
composites consisting of stainless steel matrix and 10 and 30vol.%TiB2 phase via 
powder metallurgy method followed by HIP or extrusion process. The results 
indicated that the increasing of elastic modulus, yield and tensile strength, as well as 
decreasing of density were observed after incorporation of TiB2, as shown in 
Figure 2.24 and Figure 2.25. Additionally, the ductility of the composites was 
significantly improved by subsequent performing process after HIP, for example 
extrusion process in Figure 2.25. 
 
Figure 2.24: Increasing of elastic modulus and decreasing of density after 
incorporation of TiB2 /Baxter 04/ 
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Figure 2.25: Increase of strength and reduction of elongation caused by TiB2 
/Baxter 04/ 
2.3.2.2 Liquid metal-TiB2 particulate mixing produced Fe-TiB2 composites 
Monolithic reinforced Fe-TiB2 and Fe-TiC/TiB2 composites were processed by 
Liquid metal-TiB2 particulate mixing route in Degnan’s work /Degnan 02/. The 
microstructure and wear resistance properties were discussed. In the experiments, 
stoichiometric Fe-70wt.% TiB2 and Fe-70wt.% (50wt.%TiB2 + 50wt.% Ti) masteralloy 
powders were manufactured using combustion mode SHS. The metallographic 
investigations indicated that addition of the Fe-TiB2 powder resulted in the formation 
of parasitic Fe2B phase and TiC within the steel microstructure. In contrast to this, the 
Fe-70wt.% (50wt.%TiB2 + 50wt.%Ti) powder resulted in a composite containing a 
mixture of TiB2 and TiC particles, thus the formation of Fe2B was prevented, as 
shown in Figure 2.26. The results from wear resistance tests revealed that the 
composite manufactured by addition of Fe-TiB2 (yielding Fe2B and TiC phases in the 
steel) exhibited wear rates greater than 3 times that of the unreinforced alloy. 
However, improvements in wear resistance over the base steel of up to 2.5 times 
were observed with the other composites where the desired TiC/TiB2 phases were 
retained in the steel. 
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Figure 2.26: Composite microstructures formed by the addition of (a) Fe-70wt.%TiB2 
and (b) Fe-70wt.% (50wt.%TiB2 + 50wt.%Ti) masteralloy powders to 
steel /Degnan 02/ 
2.3.2.3 Combustion assisted casting produced Fe-TiB2 composites 
Recently, locally reinforced Fe-TiB2 and Fe-TiC/TiB2 composites were fabricated 
through combustion assisted casting route. A series of investigations in this field has 
been carried out by Wang et al. /Wang 06/ /Jiang 06/ /Zhang 07/ /Yang 07/ and the 
microstructure and wear resistance properties were discussed. In this respect, Fe-Ti-
B, Fe-Ti-B4C-C, Al-Ti-B4C, Ni-Ti-B4C and Ni-Ti-B4C-C systems were studied. The 
results from this series of studies indicated that as-cast microstructures of the in-situ 
processed composites reveal a relatively uniform distribution of TiC/TiB2 or TiB2 
particulates in the local reinforcing regions, as shown in Figure 2.27. Fe2B phase 
was hardly observed because the reaction is unfavorable above 1800°C. Below 
1800°C, the solidification was finished in a very short time due to the small volume of 
the preforms. The wear resistance of the locally reinforced region is higher than that 
of the unreinforced steel matrix. 
 
Figure 2.27: Typical SEM micrograph of the locally reinforced region of the Fe-TiB2 
composite fabricated in a 30Fe-Ti-B system /Wang 06/ 
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2.3.2.4 Direct reaction synthesis produced Fe-TiB2 and Fe-TiB2/Fe2B composites 
Direct reaction synthesis route has been also applied on Fe-TiB2 and Fe-TiB2/Fe2B 
composites fabrication. Bonnet and his co-workers /Bonnet 06/ have produced thin 
sheet steels with high elastic modulus by adding TiB2 particles via this method. By 
controlling the original melt chemical composition, different microstructures and 
mechanical properties were achieved. 
Firstly, the fraction of Ti and B and the ratio of them in the original melt were 
discussed. The Ti fraction is favored between 4.6wt.% and 6.9wt.%. When the Ti 
content is greater than or equal to 4.6wt.%, the volume fraction of precipitated TiB2 is 
greater than 10vol.%, which leads to the elastic modulus increasing to about 
240GPa. The upper limit of Ti content can control the primary precipitation of TiB2 in 
the melt. Furthermore, the levels of B fraction should be according to -0.35 ≤B-(0.45 x 
Ti) ≤0.22. This fraction range is suitable for restraining of Fe2B formation. The effects 
of other alloy elements were also studied. 
For casting, the temperature should not exceed 40°C more than the liquidus 
temperature of steel. The cooling rate during the solidification of the casting is 
preferably less than 0.1°C/s in order to control the grain size. The average grain size 
of the product is preferred to be less than 15µm, preferably 5µm. 
The mechanical properties of composites are discussed and compared with the 
steel matrix in Table 2.9. The results indicated that an increasing of strength and 
elastic modulus were achieved with increasing fraction of TiB2. The uniform 
elongation decreased to 14% when the TiB2 fraction reached 12.4vol.%. 
Specimens 
(Volume 
fraction) 
Elastic 
modulus 
(GPa) 
Yield stress 
(MPa) 
Tensile stress 
(MPa) 
Uniform 
elongation (%) 
Total 
elongation 
(%) 
Hot 
rolled 
Cold 
rolled 
Hot 
rolled 
Cold 
rolled 
Hot 
rolled 
Cold 
rolled 
Hot 
rolled 
Cold 
rolled 
Steel matrix 210 - 200 - 300 - 42 - 48 
9% TiB2 230 300 311 558 565 15 16 22 21 
12.4% TiB2 240 244 - 527 - 14 - 20 - 
Table 2.9: Change of mechanical properties after incorporation of TiB2 in steel 
matrix /Bonnet 06/ 
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The Fe2B precipitated by increasing B fraction with the same Ti content. The 
influence of Fe2B phase was summarized in Table 2.10. As shown in the table, 
similar effects as TiB2 for elastic modulus and strength were found. However, a 
significant reduce of the ductility was observed due to the Fe2B precipitation. The 
strengthening behavior of Fe2B is similar like other ceramic phases. 
Specimens 
(Volume 
fraction) 
Elastic 
modulus 
(GPa) 
Yield 
strength 
(MPa) 
Tensile 
strength 
(MPa) 
Uniform 
elongation 
(%) 
Total 
elongation 
(%) 
Density 
(g/cm3) 
13% TiB2 
3.7% Fe2B 
245 279 511 10 14 7.32 
12.8% TiB2 
5.1% Fe2B 
250 284 590 11 14 7.32 
13% TiB2 
7.9% Fe2B 
254 333 585 8 9 7.30 
Table 2.10: Effects of Fe2B on the mechanical properties of produced composites 
/Bonnet 06/ 
In Xue’s work /Xue 08/, 1.5-2.5 ferrotitanium and 0.8-1.2 ferroboron were added 
into the molten steel with the chemical composition of 0.10-0.30 C, 0.20-0.50 Si, 
0.60-1.20 Mn and 0.50-1.50 Cu (all in weight percent) at 1600-1640°C. After reaction 
process, Fe-TiB2/Fe2B composites were produced via in-situ way. The reacted liquid 
metal was later casted at 1480-1500°C and further heat treatments were carried out. 
Heat treatments were accomplished by quenching after austenising at 980°C and 
1060°C for 2h respectively and then tempering at 180°C for 6h. The microstructure, 
mechanical and wear resistant properties were examined. The results of mechanical 
properties are listed in Table 2.11. Compared with as cast sample, after heat 
treatment, the mechanical properties of steel based composites improved further. 
Specimens Hardness (HRC) 
Tensile strength 
(MPa) 
Impact toughness 
(J.cm-2) 
as cast 41.7 783 15.7 
Quenching from 980 °C, 
tempering at 180 °C for 6h 
54.5 968 21.4 
Quenching from 1060 °C, 
tempering at 180 °C for 6h 
56.8 1041 26.6 
Table 2.11: Mechanical properties of Fe-Fe2B/TiB2 composites 
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2.3.3 Oxides reinforced steel composites 
As shown in Table 2.1, most of the oxides are not suitable to produce the aimed 
material in this study, because they have relatively low specific elastic modulus (E/ρ). 
However, oxides Al2O3, BeO and MgO exhibit excellent physical properties for steel 
composites and they were discussed in the literature. 
2.3.3.1 Powder metallurgy produced Fe-Al2O3 or Fe-Y2O3 composites 
Alumina has been widely used as strengthening material for both stainless and 
tool steel matrix, besides stainless steel composites containing yttria have also been 
reported. They were mostly fabricated through powder metallurgy route. In 
Pagounis’s study /Pagounis 98/, stainless steel-Al2O3 composites with fine (44-74µm) 
and coarse (105-149µm) grain sizes were produced by HIP method, and the 
reinforcement distribution and the mechanical properties were revealed. According to 
the metallographic studies, Al2O3 particles good wettability was observed, regardless 
of the iron alloy matrix, but there were no interface reactions (Figure 2.28). 
 
Figure 2.28: (a) Optical micrograph showing good wettability of irregular jagged 
Al2O3 particles by the steel matrix (b)  High magnification TEM 
micrograph revealing the clean steel-Al2O3 interface /Pagounis 98/ 
The effect of increasing Al2O3 fraction in duplex stainless steel matrix on the 
tensile strength and elongation is demonstrated in Figure 2.29. As shown in the 
diagram, both tensile strength and ductility properties decreased after the 
incorporation of Al2O3 particulates. However, the use of coarse reinforcing particles 
increases the tensile strength and the ductility of steel matrix composites compared 
with the fine particles composites. It appears that fine particles tend to agglomerate 
50µm 300nm 
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and this affects the tensile behavior of the composite. These results contradict the 
reports for light metal matrix composites. 
 
Figure 2.29: Influence of Al2O3 volume fraction on the tensile strength and ductility of 
the composites /Pagounis 98/ 
Author Velasco et al. have investigated the sinter ability and wear properties of 
Al2O3 or Y2O3 reinforced stainless steel composites. /Velascon 96/ /Vardavoulias 96/ 
They fabricated the products also through powder metallurgy route, and materials BN 
and B2Cr were used as dopants. The results of these studies indicated that the sinter 
ability of Y2O3 reinforced composites is better than Al2O3 reinforced composites. 
When using BN, this is due to the reaction of the nitrogen from the dopant with the 
reinforcing particle. The wear resistance was significantly improved by presence of 
ceramic particles. 
Furthermore, Al2O3 can also be used to strengthen tool steels. High speed steel 
composites reinforced with Al2O3 were produced by Kainer via powder metallurgy 
route /Kainer 99/. The fraction of Al2O3 varied from 0 to 15vol.% and the resulted 
increasing of elastic modulus was presented in Figure 2.30. 
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Figure 2.30: Influence of Al2O3 volume fraction on the elastic modulus /Kainer 99/ 
2.3.3.2 Spray forming process produced Fe-Al2O3 composites 
Except for powder metallurgy route, some other methods were also discussed in 
the literature to produce Fe-Al2O3 composites. In Petersen’s work /Petersen 02/, 
spray forming process was carried out to produce low alloyed boron steel composites 
containing Al2O3 particles. The mechanical properties of spray formed material with 
different Al2O3 volume fractions were summarized in Table 2.12. The results 
indicated that both yield and tensile strength were decreased after adding Al2O3 
phase. It was found that the addition of Al2O3 particles to the steel improved its wear 
properties but reduced the elongation. 
Specimens 
Yield strength 
(MPa) 
Tensile strength 
(MPa) 
Elongation (%) 
Boron steel 1010 1131 10.6 
Fe-6.2 vol.%Al2O3 - 1031 - 
Fe-8.9 vol.%Al2O3 880 993 4 
Table 2.12: Mechanical properties of spray formed Fe-Al2O3 composites 
/Petersen 02/ 
2.3.3.3 Metal matrix composites produced via internal oxidation 
High temperature oxidation of alloys is a phenomenon at which metallic atoms 
react with oxygen from the atmosphere. The products of reactions can grow as 
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continuous or discontinuous external oxide layers on surface, or as discrete oxide 
particles in the metal matrix. In the first case, we are talking about the external 
oxidation and the second case is presenting the so-called internal oxidation. 
During the internal oxidation, the oxides of solute elements can be formed as fine 
discrete particles precipitated in the metal matrix, as coarse particles preferentially 
precipitated at the crystal defects or as continuous inner oxide films. External, as well 
as internal oxidations have a strong influence on the properties of metallic materials. 
Generally, both processes are undesired, because they cause deterioration of the 
mechanical properties and decomposition of material. On the other side, the 
controlled process of internal oxidation can be used for dispersion strengthening of 
metallic materials. /Bruncko 07/ Internal oxidation process can obtain uniformly 
distributed oxide particles of nanometer size, so it is now the most successful and the 
reproducible technique to fabricate oxides dispersion strengthened metal matrix 
composites. /Li 05/ The products have many commercial and industrial uses where 
high temperature strength and high electrical conductivity or heat conductivity are 
required. /Nadkarni 73/ However, the method has many shortcomings which have 
need to be overcome, such as the operated process is so slow and complicated that 
the quality of the products is not easy to control. /Li 05/ 
In the internal oxidation process, a ductile metal A contains in solid solution a small 
amount of an element B with a stronger oxygen affinity, by heating the alloy under 
oxidizing conditions so as to prefererentially oxidize the solute metal B to cause the 
in situ precipitation of hard, refractory solute metal oxide particles BO in the matrix 
metal without substantial oxidation of the matrix metal A. The oxygen often diffuses 
inward more rapidly than element B diffuses outward, and the oxide of B is then 
formed not on the surface, but in the interior of the sample, as illustrated in 
Figure 2.31. /Meijering 69/ 
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Figure 2.31: Schematic presentation of the internal oxidation process 
The oxygen affinity can be described by negative free energy of oxide formation. 
In order to achieve the purpose of internal oxidation, the negative free energy of 
oxide formation per gram atom of oxygen at 25°C of the matrix metal should be less 
than 16.7kJ. Additionally, the negative free energy of solute metal exceeds that of 
matrix by at least 14.3kJ. For example, such values are approximate 14.1 and 14.3kJ 
for FeO and Fe2O3 respectively. Table 2.13 lists the negative free energy of some 
solute metal oxides. The oxides with the value more than 28kJ are suitable used for 
producing the iron matrix composites via internal oxidation route, as marked in the 
table. /Nadkarni 73/ 
Oxides SiO2 TiO2 ZrO2 Al2O3 BeO ThO2 
Approximate negative free 
energy of formation of oxide at 
25°C in kJ per gram atom of 
oxygen 
22.9 24.1 29.2 30.1 33.2 34.9 
Oxides Cr2O3 MgO MnO Nb2O5 TaO5 VO 
Approximate negative free 
energy of formation of oxide at 
25°C in kJ per gram atom of 
oxygen 
19.8 32.5 20.8 20.3 22.0 24.7 
Table 2.13: The negative free energy of solute metal oxides at 25°C /Nadkarni 73/ 
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There were limited discussions about the internal oxidation applications in Fe 
composites in the literature. Fe-Al2O3 and Fe-BeO composites were fabricated via 
internal oxidation process by Nadkarni /Nadkarni 73/. In the experiments, 100 parts 
of the powder alloys with 98.72wt.% Fe and 1.28wt.% Al were mixed with oxidants 
comprising 3.8 parts of Fe2O3 and 0.065 parts of Al2O3. For Fe-BeO composites, 100 
parts of Fe-Be alloy powder with 99.55wt.% Fe and 0.45wt.% Be were mixed with 2.7 
parts of Fe2O3 and 0.024 parts of BeO. The reactions were carried out during 
heating, followed by consolidation. The products have increased tensile strength and 
hardness at elevated temperatures compared with the original matrix. 
Another attempt for iron alloys was performed by Schneibel /Schneibel 08/. Fe17Y2 
and Fe11TiY intermetallic precursors were chosen because they develop a high 
volume fraction (~30%) of oxide particles. Of particular interests are the size and the 
thermal stability of the dispersoids. The intermetallic compounds Fe17Y2 and Fe11TiY 
were prepared by arc melting. The homogenized samples were grinded to a flat 
surface, or into 45 µm powder. The ground samples or powders were then inserted 
into quartz tubes together with a 0.5g Fe/0.5g Fe2O3 oxidant powder mixture 
separated by quartz wool, followed by evacuation and sealing. The products 
contained ~30vol.% of oxide particles in a Fe solid solution matrix. Oxides such as 
Y2O3, YFeO3, Y2Ti2O7, and Fe2TiO4 with the grain size up to 20nm were observed, as 
shown in Figure 2.32. 
  
Figure 2.32: SEM micrograph of internal oxidized Fe17Y2 (3 days at 700°C), showing 
the dark (a) lamellar and (b) spherical oxide particles /Schneibel 08/ 
The mechanical properties of other metal-oxide (Cu/Ni) composites processed via 
internal oxidation were investigated by many researchers. Copper composites 
strengthened by Al2O3 will be presented as an example here. In Nadkarni’s work 
/Nadkarni 73/, Cu-Al2O3 composites with different oxides volume fractions were 
100nm 100nm 
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produced. The tensile strength and ductility properties were summarized in the 
following Figure 2.33. 
 
Figure 2.33: Mechanical properties of Cu-Al2O3 composites /Nadkarni 73/ 
Tian /Tian 06/ has fabricated Cu-0.5vol.%Al2O3 composites via internal oxidation 
and the tensile properties of the material were examined as shown in Figure 2.34. 
The yield strength and tensile strength of the composite were much higher than that 
of unreinforced material at testing temperature range. The specific resistance of 
prepared Cu-Al2O3 matrix composites was discussed in Shi’s work /Shi 98/. The 
results indicated that it increased with the increase in the amount of alumina 
particles, while the wear resistance was improved. 
 
Figure 2.34: Yield and tensile strength of Cu-0.5vol.%Al2O3 composite and 
compared materials at elevated temperature /Tian 06/ 
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2.3.4 Fe-WC composites 
As compared with other carbides, tungsten carbide (WC) combines favorable 
properties, such as high hardness HV2000-3000, a certain amount of plasticity and 
good wettability by molten steels. Its solid solubility in Fe approaches 7wt.% at 
1250°C. /Zhang 06/ Consequently, WC is the most widely used hard material in 
manufacturing cemented carbides for components employed in various wear 
applications, especially in cases where hot hardness and thermal shock resistance 
are required. The low heat of formation and brittleness of WC limit its usefulness in 
certain wear applications where a combination of high hardness and toughness is 
needed. /Lou 03/ 
2.3.4.1 Powder metallurgy produced Fe-WC composites 
Fe-WC composites were produced through conventional powder metallurgy 
method by several authors. Kleme et al. /Kleme 07/ have studied the wear properties 
of cemented carbide (WC-Co) and cast tungsten carbide (WC) reinforced steel 
composites manufactured by hot isostatic pressing (HIP) at 1150°C. The particle size 
of used steel matrix powder was 350µm. Reinforcement contents varied between 17 
and 30vol.% and the particle size between 45 and 425µm. The results revealed 
improved wear resistance for both kinds of composites. 
Another attempt was carried out by Lou /Lou 03/. They have investigated the 
interactions between tungsten carbide (WC) particulates and metal matrix the 
composites produced via HIP method. High vanadium tool steels (PM10V) and high 
speed steels (HSS) were reinforced with 50wt.% WC-12Co (particulate size under 
105µm) respectively. The results showed that the chemical composition of the matrix 
has a strong influence on the interface reaction between WC and matrix and the 
structural stability of the WC particulates in the composite. The wear behavior of the 
produced composites showed great potential for wear protection applications. 
2.3.4.2 Carbothermic reduction route produced Fe-WC composites 
The carbothermic reduction of wolframite ores has been studied by Terry /Terry 
94/ as a means of direct production of Fe-WC composite materials. Wolframite 
(FeWO4) with varying amounts of nickel oxide (NiO) addition was reduced with 
stoichiometric carbon in the form of graphite at 1600°C for 1 h. The product showed a 
good dispersion of carbides in an austenitic iron matrix. Gangue oxide materials 
appear to separate, largely as a slag phase. Some residual porosity has however 
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been found in the product materials. This porosity requires removal, either by holding 
the reaction products at the reaction temperature for longer periods or employing a 
higher temperature to give the liquid iron nickel matrix an increased chance to fill up 
pores, or by employing a subsequent pressing step to achieve increased density. 
2.3.5 Fe-VC composite 
Several studies were found about the processing of Fe-VC composites in the 
literature. Japanese researchers Inoue et al. have fabricated Fe-VC composites via 
ingot metallurgy method. /Inoue 01/ Two chemical composition systems Fe-2wt.%C-
8wt.%V and Fe-3wt.%C-12wt.%V were chosen for the experiments. The results 
showed the elastic modulus increased with raising VC volume fraction, as presented 
in Figure 2.35. 
 
Figure 2.35: Increase of elastic modulus by incorporation of VC /Inoue 01/ 
Sugawara /Sugawara 03/ has produced Fe-VC/WC composites through heat 
treatment. In the experiments, two steps of treatment were carried out. Firstly, Fe-V-
W alloy was heated to austenitizing temperature, and then rapidly cooled to obtain a 
mixed phases comprising of martensite and remaining austenite and non-molten 
carbides. Subsequently, the product was heated to the eutectoid transformation 
temperature range to precipitate the MC carbides in a low carbon content austenite 
phase followed by cooling. The tensile properties of the materials changes with 
different VC and WC weight fraction, as listed in Table 2.14. Steel composites 
200
220
240
260
280
0 5 10 15 20 25 30
E
la
s
ti
c
 m
o
d
u
lu
s
, 
G
P
a
 
VC volume fraction, % 
2 State of the art 
 55 
reinforced with VC/WC have higher elastic modulus and strength compared with the 
steel matrix. The values varied by modifying the V/W weight fractions. 
Specimens 
Elastic 
modulus 
(GPa) 
Yield 
strength 
(MPa) 
Tensile 
strength 
(MPa) 
Fatigue 
strength 
(MPa) 
Steel matrix 200 1000 1275 600 
Fe-5.4wt.%V-5.4wt.%W 242 1902 1957 735 
Fe-5wt.%V-5wt.%W 260 1920 1980 740 
Fe-7.7wt.%V-8.1wt.%W 285 1990 2050 760 
Fe-5.1wt.%V-5.2wt.%W 260 2030 2100 800 
Fe-5.2wt.%V-5.1wt.%W 260 1900 1960 750 
Table 2.14: Elastic modulus and tensile properties changed with different V/W ratios 
in the steel alloy /Sugawara 03/ 
2.3.6 Fe-SiC composite 
The choice of SiC as reinforcement phased for Fe based composites is a result of 
the following considerations. Firstly, SiC retains its strength to high temperatures. 
This is a prime requirement for higher temperature applications. Furthermore, the 
pure Fe-SiC composites serve as a test case to evaluate the potential of using iron 
based composites also for applications other than for abrasion and wear resistance. 
/Pelleg 99/ However, the potential use of SiC as a filler material in iron-based 
matrices may be limited, as iron forms stable compounds with both silicon and 
carbon and, as silicon carbide, readily dissolves in liquid iron alloys. /Terry 93/ 
2.3.6.1 Powder metallurgy produced Fe-SiC composites 
SiC was wildly used as reinforcement phase to produced metal matrix composites 
for Al and Cu matrix. However, the researches about Fe-SiC composites were hardly 
found in the literature. Chakthin /Chakthin 08/ has fabricated Fe-5wt.% carbides (SiC, 
TiC, VC and WC) with 20μm and 20-32μm two particle sizes using a simple powder 
metallurgy route, which includes compacting and sintering of mixed powders at three 
different temperatures, 1100, 1150 and 1200°C. For sintered Fe-SiC composites, 
tensile strengths and hardness, superior to other sintered Fe composites, increased 
with increasing sintering temperature and decreasing carbide particle size, as 
presented in Figure 2.36. From experimental results, the Fe-SiC compacts were 
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melted with sintering temperatures above 1200°C. It was found that stability ranked 
from high to low was Fe-TiC > Fe-VC > Fe-WC > Fe-SiC. 
 
Figure 2.36: Tensile property of sintered Fe-carbide composites at different 
temperature /Chakthin 08/ 
Another study was carried out by Pelleg /Pelleg 99/. Fe-SiC composites with 0, 1, 
2, 3 and 5vol.% of SiC were produced by the use of hot isostatic pressing (HIP) or 
sintering for consolidation. SiC was in the form of particulates and chopped fibers. 
The results of tensile tests indicated that the increase of yield and tensile strength by 
12.6% and 33.1% respectively after incorporation of 3vol.%SiC in as HIPed Fe-SiC 
composites, companied with the reduction of ductility, as shown in Figure 2.37. From 
the diagram, the decrease of yield and tensile strength was observed when the SiC 
volume fraction is larger than 3%. This is caused by the increased amount of pearlite 
with raising SiC fraction. 
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Figure 2.37: Tensile properties and ductility of Fe-SiC composites produced by HIP 
method /Pelleg 99/ 
2.3.6.2 Test to produce Fe-SiC composites via liquid method 
Terry /Terry 93/ has investigated the reaction of SiC with liquid iron alloys. Pure 
iron, low- and high-carbon iron, and iron-titanium and iron-aluminium alloys were 
used as matrices. The overall aim of the work is to determine whether conditions can 
be identified where SiC can be dispersed in liquid iron alloys while preventing 
excessive reaction of the SiC with the iron. However, the results indicated that liquid 
iron alloys readily with SiC, resulting in silicon and carbon dissolution and iron silicide 
formation. And it is not possible to fabricate Fe-SiC composites via liquid methods. 
2.3.7 Fe-NbC composite 
Limited discussions about Fe-NbC composites were found in the literature. They 
were normally applied for tool steel matrix and produced via conventional powder 
metallurgy method. High alloyed tool steel composites with fine NbC particles in the 
quantity of 0.5-5wt.% were prepared via powder metallurgy followed with vacuum 
sintering by Sustarsic /Sustarsic 03/. Microstructures of produced composites were 
investigated. The results showed that no significant reaction between NbC particles 
and the steel matrix occurred. However, agglomeration of fine carbide phase took 
place during the powder metallurgy synthesis. 
Wear property of Fe-NbC composites was studied by Gordo /Gordo 00/. They 
selected high speed steel as matrix and powder metallurgy as method to 
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manufacture the different percentages NbC composites. The results of wear tests 
indicated the improved wear property by adding NbC hard phase. 
2.3.8 Fe-TiN composite 
In Pagounis’s work /Pagounis 98/, TiN has been chosen as the reinforcement 
phase to produce superaustenitic matrix composites. The materials containing up to 
30vol.%TiN with different grain sizes were processed by hot isostatic pressing. The 
effects of adding TiN into superaustenitic matrix steel on the mechanical properties 
were discussed. As demonstrated in Figure 2.38, the incorporation of TiN 
particulates decreases the strength and the elongation of the superaustenitic 
stainless steel. In additional, the results of tensile tests indicated that the 
reinforcement distribution became more uniform and increased the elongation to 
failure of the composite significantly with the present of coarse particles compared 
with fine particles. All the tensile properties discussed here were in contrast to the 
results reported somewhere else. Furthermore, the wear property was improved by 
adding TiN phase in superaustenitic steel matrix. 
 
Figure 2.38: Tensile property and elongation of Fe-TiN composites produced via PM 
process /Pagounis 98/ 
The wear property of Fe-TiN composite was studied by Oliveira in his work 
/Oliveira 99/. High speed steel was chosen as the base material and copper-
phosphide and graphite were used as additives for the sinter process. The composite 
with 10vol.%TiN were produced via powder metallurgy method followed by vacuum 
sintering process. The results showed that addition of the ceramic particles further 
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reduced the bend strength of the base material, because failure initiation in the 
composites was found to occur from ceramic particles, which acted as crack 
initiators. The wear property was improved by adding TiN into the base material. 
2.3.9 Fe-Cr3C2 composite 
Series tests about Cr3C2 reinforced steel composites were performed by Pagounis 
in his works. In all these studies, the composites were fabricated through similar hot 
isostatic pressing method, although different steel matrix was selected. According to 
/Pagounis 96/, high chromium white iron was reinforced by adding 5vol.% and 
10vol.%Cr3C2 with grain size of 5-25µm. The microstructure and wear properties 
were discussed in this paper. And the results showed that the diffusion processes 
between touching Cr3C2 particles leaded to the formation of three-dimensional 
carbide networks which increase the wear resistance. Similar phenomena were 
observed in the next study /Pagounis 97/, in which the hot work tool steel was 
chosen as the base material. 
Furthermore, the tensile property was discussed by Pagounis /Pagounis 98/. In 
this study, both duplex stainless steel and hot work tool steel were selected as the 
base material. In the former case, the decreasing of tensile strength caused by 
adding Cr3C2 particles into stainless steel was detected, as presented in Figure 2.39. 
For both materials, incorporation of Cr3C2 into the steel matrix resulted increasing of 
wear resistance. 
 
Figure 2.39: Influence of Cr3C2 volume fraction on the tensile strength of Fe-Cr3C2 
composites /Pagounis 98/ 
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2.3.10 Fe-ZrC composite 
In Das’s work /Das 04/, Fe-ZrC composites were synthesized by aluminothermic 
reduction of blue dust (Fe2O3) and zircon sand (ZrSiO4) in the presence of carbon. 
The reactions were highly exothermic in nature and essentially leaded to a self-
propagating high-temperature synthesis (SHS) of the Fe-ZrC composite. The 
composites were synthesized with varying percentages of aluminum and carbon in 
the charge mixture. It has been found that along with ZrC, other phases (Fe3Al, 
FeZr4) also formed depending upon the charge composition. The composite has 
been found to possess promising abrasive wear resistance property along with good 
high-temperature stability. 
2.4 Proposals for producing the aimed material 
Based on the above results and discussions from literature, several proposals for 
producing the aimed material are presented as following: 
 Fe-6-10vol.%TiC composites (including high Mn matrix material) could be 
manufactured through both ex-situ and in-situ methods. TiC distribution in 
matrix and mechanical properties of the products will be examined. 
 Fe-TiB2 and Fe-TiB2/Fe2B composites, which include 5-13vol.% reinforcement 
phases, could be fabricated both via conventional melting-casting processing 
route and twin-roller route. The important point is looking for the optimal 
chemical composition and processing parameters to achieve homogenous 
distribution and fine grain size of reinforcement phases. The microstructure 
and mechanical properties of the products will be tested. 
 For the internal oxidation process, two alloy systems are of interest, i.e. Fe-Al 
and Fe-Si alloys. The goal of internal oxidation tests is achieving single oxide 
reinforced steel sheets with internal oxidation zone (IOZ) depth ~500µm on 
each side, where the internal formed oxides are inside of grains. The 
operating temperature was chosen between 600°C to 1000°C. And the 
operating time could be up to 96h. The tests will be performed under H2/H2O 
atmosphere. 
 
3 Experimental procedure 
 61 
3 Experimental procedure 
Based on literature research, in total 12 concepts were developed, which contain 
different reinforcement ceramics and processing routes. In this chapter, summary of 
all the products and processing parameters, as well as testing methods for the final 
materials will be introduced. 
3.1 Concepts list and basic information 
As shown in Table 3.1, steel strengthened with TiC, TiB2 and Fe2B reinforcement 
phases were produced via powder metallurgy method, conventional melting-casting 
method and twin roller thin sheet casting method. In additional, internal oxidation 
tests under oxygen atmosphere were performed. For several concepts, two or three 
trials were carried out. And the non-successful trials were marked with gray color in 
Table 3.1. Only basic information about each concept was introduced in this table. 
Detailed results will be presented in next chapter. 
No. Concepts Basic information 
1 
Fe-8%TiC ex-situ PM 
Powder mixing and HIP processes were performed 
externally. Following hot rolling and cold rolling 
processes were carried out at TKSE. 
Fe-TiC ex-situ twin roller 
Direct charging TiC powder into tundish was tried. 
Hollow Fe wire with TiC powder inside was produced 
and charged into melt flow. Both methods failed. 
2 
Fe-8%TiC in-situ conv. 
Melting, rolling and annealing processes were 
successfully finished at TKSE. 
Fe-TiC in-situ twin roller 
Due to the high viscosity of Fe-TiC melt, this concept 
can’t be produced via twin roller. 
3 Fe-10%TiB2 twin roller Short meters of cast thin sheets were produced at IBF. 
4 Fe-5%TiB2 twin roller 
Both cast and inline-hot rolled thin sheets were 
produced via twin roller at IBF. Following hot rolling 
and cold rolling processes were carried out at TKSE. 
5 Reference twin roller 
Both cast and inline-hot rolled thin sheets were 
produced via twin roller at IBF. Following hot rolling 
and cold rolling processes were carried out at TKSE. 
6 Fe-10%TiB2 conv. 
Melting, rolling and annealing processes were 
successfully finished at TKSE. 
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7 Fe-5%TiB2 conv. 
Melting, rolling and annealing processes were 
successfully finished at TKSE. 
8 Reference conv. 
Melting, rolling and annealing processes were 
successfully finished at TKSE. 
9 
X-IP-6%TiC conv. 
Melting, rolling and annealing processes were 
successfully finished at TKSE. 
X-IP-8%TiC conv. X-IP with 8vol.%TiC was not successfully produced. 
X-IP-5%TiB2-8%Fe2B 
conv. 
X-IP with 5%TiB2-8%Fe2B was not successfully 
produced. 
10 
Fe-5%TiB2-5%Fe2B 
conv. 
Melting, rolling and annealing processes were 
successfully finished at TKSE. 
11 
Fe-5%TiB2-8%Fe2B 
conv. 
Melting, rolling and annealing processes were 
successfully finished at TKSE. 
12 Internal oxidation 
Experiment set up was successfully performed at 
IEHK. Only thin oxides layer was achieved. 
Table 3.1: Concepts list and basic information 
In order to compare the effects of different ceramic phases on the properties, low 
alloy steel matrix with the same chemical composition was chosen for each concept 
(except for No.1, 9 and 12), as shown in Table 3.2. For No.1, only iron powder was 
mixed with TiC powder, so the matrix is mainly pure iron. X-IP steel is high Mn steel 
alloyed with 0.6wt.% C and internal oxidation tests were performed on special Fe-Al 
and Fe-Si samples. 
(wt.%) C Si Mn P S Al Fe 
Matrix 0.08 0.4 1.00 0.015 0.005 0.03 Rest 
Table 3.2: Chemical composition of steel matrix applied in this study 
3.2 Processing parameters 
Mainly four processing routes were involved in this work. Concepts via 
conventional melting-casting method were produced at TKSE including rolling and 
annealing processes. Twin roller thin sheet casting method was performed at IBF 
and following rolling and annealing processes were carried out at TKSE. Powder 
metallurgy will be introduced in next chapter and internal oxidation tests will be 
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demonstrated separately here. The detailed parameters will be presented in this 
section. 
3.2.1 Rolling and annealing parameters 
For conventional melting-casting routes, all the melts with 50kg were produced by 
vacuum furnace named IS 5 EMA at TKSE. They were cast into rectangular shape 
blocks with dimension ~100*200mm. Afterwards, pre-rolling, hot rolling including 
coiling simulation, cold rolling and annealing processes were performed. 
Cast blocks were pre-heated up to 1200°C keeping for 2h (1250°C for No.9 and 
1130°C for No.10&11) and pre-rolled into thickness 45mm. Pre-rolled samples were 
cut into small pieces with dimension 200*110*45mm for hot rolling. The same pre-
heating temperatures as pre-rolling process were applied on hot rolling. Rolling start 
temperature is 1100°C (1150°C for No.9) and finish temperature is about 940°C. Hot 
rolled sheets with thickness ~3mm were simulated for coiling process at 700°C 
(500°C for No.9). Afterwards, the thickness was reduced by 66% to ~1mm during 
cold rolling (without temper rolling). 
Two annealing processes were carried out, i.e. batch annealing and continuous 
annealing. For batch annealing, the sheets were kept for 24h at 720°C in double 
chamber vacuum furnace and slowly cooled down to RT. For continuous annealing, 
the sheets were heated up to 820°C (830°C and 780°C for No.9) with 3.5K/s speed 
and kept for 3min, afterwards cooled down to RT with 20K/s speed. Parameters 
mentioned above were summarized in Figure 3.1. 
 
Figure 3.1: Rolling and annealing parameters performed at TKSE 
3.2.2 Twin roller thin sheet casting at IBF 
Melts via twin roll thin sheet casting route were performed at IBF. The furnace has 
capacity up to 180kg and maximum temperature 1700°C. Casting speed is 0.4-
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1.2kg/s and product thickness is 0.9-2.4mm.It is possible to achieve both cast and 
inline hot rolled sheets. 
Thin sheet casting process with vertical dual rolling is one of the final shape 
casting processes. The basic idea is that melt is charged into two counter-rotating 
rollers and solidified by strong cooling of the rollers on the roller surface. The 
resulting band shells will grow in the following step. Further inline hot rolling can be 
fulfilled by additional rollers. The schematic demonstration of the whole process is 
shown in Figure 3.2 including parameters. 
 
Figure 3.2: Schematic picture for explanation of twin roller thin sheet casting 
process at IBF 
Within this work, both cast and inline hot rolled thin sheets were received from IBF 
for concepts No.3-5. Further off line hot rolling, cold rolling and annealing processes 
were carried out at TKSE with parameters mentioned in above section 3.2.1. 
3.2.3 Experimental set up for internal oxidation tests 
In this work, two materials named Fe-Al and Fe-Si were studied for internal 
oxidation behavior. Particular experimental conditions and appropriative equipment 
were designed and manufactured. 
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3.2.3.1 Experimental parameters 
The experimental outcome was designed to achieve internal oxidation layer of 
aluminum and silicon solute metal in Fe based alloys. Therefore, special 
thermodynamic conditions were selected. Reaction temperature and oxygen partial 
pressure were the most important factors that control the oxidation process. The 
particular oxygen partial pressure was achieved by adjusting the content of water 
vapor in the reaction atmosphere. 
In order to determine the optical temperature for internal oxidation, a temperature 
range from 600°C to 1000°C was chosen to operate the experiment process. Two 
reaction periods of 48h and 96h were selected to study the relationship between 
reaction time and internal oxidation. 
The required oxygen partial pressures were achieved by passing argon and 
hydrogen gases through water bath. The equilibrium between the water vapor above 
a water bath and the hydrogen passing through it was used to ensure the desired 
oxygen partial pressure. 
Theoretically, the oxygen partial pressure is identified by dew point of the mixed 
atmosphere. At constant barometric pressure, a given parcel of humid air must be 
cooled down to a specifically temperature, for water vapor to condense into water. 
This temperature is known as dew point. The condensed water is called dew. The 
dew point is a saturation temperature. /Christopher 04/ The relationship between 
oxygen partial pressure and dew point are derived by following steps/ Beguin 98/: 
1) When the dew point is known, OHP 2  at this dew point can be checked from the 
related table: 
2) When OHP 2  is known, 
2
2
H
OH
P
P
 can be calculated: 
OH
OH
H
OH
PP
P
XP
P
2
2
2
2
100

  
P: total pressure (e.g. 1013 mbar) 
X: hydrogen content of rest gas in % (X=1 in pure H2O/H2 gas system) 
3) Then 
2O
P  can be calculated at certain temperature: 
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951.2
13027
log
2
1
22
2 
 TPP
P
OH
OH
 
The oxygen partial pressure in this study was adjusted by controlling the ﬂow 
velocity of gases in the glass rotameter. In this study, the flow velocity of gas was 
controlled at 30L/h. 
3.2.3.2 Testing specimens 
The annealed Fe-Al and Fe-Si alloy sheets were supported by TKSE. Their 
chemical compositions are shown in Table 3.3. The thickness of Fe-Al alloy sheet is 
0.8mm while that of Fe-Si alloy sheet is 2mm. The original microstructure of Fe-Al 
and Fe-Si alloy samples are shown in Figure 3.3. 
wt.% C Al Si Mn P S 
Fe-Al 0.05 8.0 0.1 0.1 0.015 0.005 
Fe-Si - 0.9 3.2 - - - 
Table 3.3: Chemical composition of Fe-Al and Fe-Si alloy samples 
 
Figure 3.3: Original microstructure of Fe-Al alloy, ×100 (left) and Fe-Al alloy, ×50 
(right) 
Alloy sheets were cut into coupons with approximately dimensions of 10×10mm 
and a 0.5mm hole was drilled on upper side. They were ground to a 1200-grit finish 
and ultrasonically cleaned in acetone. 
3.2.3.3 Experimental device and procedure 
High temperature resistant steel 1.4841 was utilized to manufacture a particular 
hermetical reaction chamber as shown in Figure 3.4 left. Each two of Fe-Al and Fe-
200µm 500µm 
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Si alloy samples were hung on the inlet pipe with thermal resistant iron wire as 
shown in Figure 3.4 right. Each coupon faced parallel to the direction of gas flow.  
 
Figure 3.4: Hermetical reaction chamber (left) and samples on the inlet pipe (right) 
A thermal resistant filling piece was positioned between the cover and body of 
hermetical reaction chamber ensuring the hermetical state. The cover of hermetical 
reaction chamber was fixed with the body by thermal resistant bolts and nuts. 
Samples were reacted at the Nabertherm P300 furnace, and the apparatus to 
collect H2/H2O/  Ar atmosphere is shown in Figure 3.5. By controlling the gas flow 
velocity, the final furnace atmosphere was achieved. Water vapor was introduced by 
bubbling of dry mixed H2/Ar (5%H2, 95%Ar) gas through water bath. The Ar and 
mixed H2/Ar (5%H2, 95%Ar) gas flow rate were controlled using rotameters. The 
reaction chamber was filled by inletting pure Ar during heating. When experimental 
temperature was reached, the vent port of Ar was shut and simultaneously the vent 
port of mixed H2/Ar gas was opened. The mixed gas flowed through the water bath 
into reaction chamber. The samples were exposed to the reaction atmosphere at 
required temperature for 48h. After reaction, the chamber was cooled down to 
ambient temperature by Ar gas protection. The same procedure was repeated for 
another 48h to reach the 96h experimental time. 
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Figure 3.5: Reaction system for the tests 
3.3 Analysis methods 
After cold rolling and annealing processes, the final sheet products were tested for 
physical and mechanical properties. Principally, chemical composition analysis, 
metallographic study, density measurement, hardness test, elastic modulus 
measurement were carried out testing physical properties. Static and dynamic tensile 
tests were performed in order to clarify the mechanical properties. Wear resistant and 
high temperature properties were tested on selected material No.7. The utilized 
analysis methods and devices will be introduced in this section. 
3.3.1 Density measurement 
The AccuPyc 1330 at GHI (Figure 3.6) was used to determine the density of 
materials. It is a gas displacement pycnometer that uses pressure measurement in 
order to determine the volume of solid materials (with a sample size of up to 10 cm3). 
The pressures observed upon filling the sample chamber and then discharging it into 
a second empty chamber allow computation of the sample solid phase volume. Gas 
molecules rapidly fill the tiniest pores of the sample; only the truly solid phase of the 
sample displaces the gas. The device has an accuracy level of 0.03% reading 
accuracy plus 0.03% of the maximum sample size. The reproducibility rate is ± 0.01 
of the maximum sample size. The measurement is performed fully automatically. For 
every material, the tests were repeated for five times and the average value was 
determined. 
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Figure 3.6: Pycnometer utilized for density measurement 
3.3.2 Elastic modulus measurement 
Elastic modulus of produced materials was measured by means of ultrasonic 
sound velocity on hot rolled sheets at IEHK (Figure 3.7). Sound velocity can be 
measured using ultrasonic pulse-echo techniques. Thickness of testing point was 
measured and input into the device. In longitudinal direction, velocity was measured 
with contact agent of oil. In transverse direction, velocities of both rolling direction 
and 90° to rolling direction were measured with contact agent of honey. Afterwards, 
elastic modulus can be determined through computations based on measured sound 
velocities and material density with following equation: 
  {
    (
  
  
)
 
  (
  
  
)
 }      
  
where E is elastic modulus; ct is sound velocity in transverse direction; cl is sound 
velocity in longitudinal direction; is material density. 
 
Figure 3.7: Ultrasonic test instrument for measuring sound velocity in longitudinal 
and transverse directions 
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3.3.3 Static and dynamic tensile test 
Static tensile tests were performed by machine Zwick 4204 on annealed cold 
rolled sheets at IEHK. Principally, standard A50 sample geometry was applied and 
testing speed is 1.0mm/min. Because the width of continuous annealed samples is 
only 165mm (limited due to annealing simulator), the total length of testing samples 
was chosen as 165mm instead of 200mm, as illustrated in Figure 3.8. For special 
conditions, e.g. not enough material, A25 sample was chosen, which has the total 
length of 100mm and width of 8mm geometry. 
 
Figure 3.8: Static tensile test sample geometry 
Dynamic tensile tests were carried out by machine Schenck PLR00125 at IEHK 
(Figure 3.9 left). The machine can perform tests for highest testing speed at 4m/s 
and maximum force ~60kN. Operating temperature could be from -180 to 180°C. The 
samples geometry is presented in Figure 3.9 right, and only samples in transverse 
direction were tested. Strain rates at 1/s, 10/s, 100/s and 250/s were tested at RT. 
 
Figure 3.9: Dynamic tensile test machine Schenck (left) and sample geometry 
(right) 
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3.3.4 High temperature tensile test 
High temperature tensile tests were performed by Trebel hot deformation simulator 
at IEHK, as presented in Figure 3.10. Trebel is used to determine hot strength and 
hot toughness parameters in the high-temperature range. During testing, the 
specimen is placed in a chamber that has been vacuumed and refilled with an inert 
gas (argon). The specimen is heated with an inductor. Stress-strain curves can be 
recorded with the measurement system "Laser Speckle Extensometer" (LSE) without 
contacting the specimen surface. A computer is used to control the machine itself 
and to summarize the measured parameters. Sample geometry used for this test is 
shown in Figure 3.11. 
 
Figure 3.10: Schematic description for Trebel hot deformation simulator 
 
Figure 3.11: High temperature tensile test sample geometry 
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3.3.5 Wear test 
Wear test was carried out with ball-on-disc-tribometer at IOT. Ball-on-disc-
tribometer is used for the determination of friction and wear characteristics of 
materials. With the help of this device, composite systems can be tribologically 
examined and characterized. Figure 3.12 offers a schematic representation of the 
testing system. The tests were performed in dry state at room temperature using 
Al2O3 ball as counter body. The load was chosen as 5N for 500m running path. 
During testing, a base is mounted on a rotating sample body, which rubs against 
firmly clamped Al2O3 ball counter body. The friction forces are detected via tangential 
force sensors. They are applied for friction coefficient determination. 
 
Figure 3.12: Schematic illustration of the ball-on-disc-tribometer equipment 
3.3.6 Further tests 
Additionally, chemical composition was tested on cast blocks, pre-rolled blocks 
and hot rolled sheets at IME. Generally, spark optical emission spectroscopy (Spark-
OES) was utilized for quantitative measuring common alloy elements and inductively-
coupled plasma optical emission spectroscopy (ICP-OES) was applied on special 
elements, whose content is over the limit of Spark-OES. 
Hardness tests (HV10) were performed at IEHK. Metallographic studies including 
LOM, SEM, EPMA and EDS investigations were tested at IEHK and GFE. 
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4 Results 
After processing, the final annealed cold rolled sheets were tested for physical and 
mechanical properties. In this chapter, detailed results will be presented. They are 
clarified according to different concepts. 
4.1 Concept ex-situ Fe-TiC-No.1 
In order to compare the property of ex-situ and in-situ products, powder metallurgy 
and charging TiC powder into twin roller methods were carried out. 
4.4.1 Fe-8%TiC ex-situ powder metallurgy 
Powder mixing and following with hot isostatic pressing processes were completed 
externally at Bodycote Heiß-Isostatisches Pressen GmbH. The utilized Fe powder is 
unalloyed powder with >99% Fe inside and particle size <250µm. It was produced at 
MG Metal Powders GmbH. TiC powder has particle size 1.0-1.5µm and density 
~4.90g/cm3. It was produced by H. C. Starck. The chemical composition of both 
powders is listed in Table 4.1. Pure Fe powder (~25kg) and 8vol.%TiC powder 
(~1.37kg) were mixed with 4wt.% ethanol to prevent segregation of the lower density 
ceramic particles. After mixing, the powders were filled in mild steel capsules and 
dried for 18 h. The capsules were then sealed by welding, evacuated at 500°C for 3h, 
and inserted into the HIP equipment. The HIPing parameters for all the materials 
were at 1150°C, 100MPa pressure and 3h holding time. 
wt.% C O Si N S P Fe 
Fe powder 0.01 0.15 - - 0.02 0.01 Rest 
TiC powder 19.37 0.60 0.007 0.08 <0.001 - 0.127 
Table 4.1: Chemical composition of utilized powders for powder metallurgy 
process 
The produced block has the dimension of 120*300mm in cylinder shape, as shown 
in Figure 4.1 left. According to Figure 4.1 right, the block was cut and prepared for 
hot rolling. Coiling temperature after hot rolling was 800°C. Further cold rolling and 
annealing processes were performed at TKSE based on the parameters mentioned 
in last chapter. 
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Figure 4.1: Photo of produced block (left) and preparation for hot rolling (right) 
The final product has density 7.439g/cm3, which is decreased by 5.36% compared 
with pure Fe. The measured elastic modulus is 220GPa, which is 3.29% more than 
that of reference steel (No.8). The hardness is 248HV10 measured on hot rolled 
sheet. Actual chemical composition was tested and listed in Table 4.2 
wt.% C  Si Mn P S  Al Ti Fe 
No.1 0.762 0.027 0.108 0.006 0.012 0.005 4.47 94.1 
Table 4.2: Measured chemical composition of material Fe-8%TiC produced via 
powder metallurgy 
Metallographic investigation was carried out on cast block, hot rolled sheets and 
cold rolled sheets. As shown in Figure 4.2, in the cast block TiC particles with blue 
color were located around Fe particle boundaries (gray color). After hot rolling, the 
particles were homogenous distributed along rolling direction. In the annealed cold 
rolling sheets, agglomeration of TiC powders were observed. Particle size distribution 
was analyzed on both annealing sheets. The result is presented in Figure 4.3, in 
which the left part is particle distribution according to relative frequency and the right 
part is about relative area fraction. In the final products, TiC particles have the 
average particle size 1.0-2.0µm and maximum particle size ~18µm, which was 
caused by particle clustering. 
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a) LOM image for cast block at 
magnification 100 with etching 
b) LOM image for hot rolled sheet at 
magnification 100 with etching 
  
c) LOM image for batch annealing sheet 
at magnification 500 with etching 
d) LOM image for conti. annealing sheet 
at magnification 500 with etching 
Figure 4.2: Metallographic images for material Fe-8%TiC produced via powder 
metallurgy 
 
Figure 4.3: Particle distribution for No.1 according to relative frequency (left) and 
relative area (right) 
Static tensile tests were carried out on both hot rolled and cold rolled sheets. Due 
to the limited width of sheets, only rolling direction samples were tested for hot rolled 
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sheets and A25 samples were selected for 90° tests for cold rolled sheets. Along 
rolling direction of hot rolled sheet, it has yield strength ~261MPa and tensile strength 
~442MPa, as well as total elongation ~9.1%. 
For batch annealing sheets, along rolling direction, yield strength is ~173MPa and 
tensile strength is ~366MPa. And total elongation is ~17%. For continuous annealing 
sheet, along rolling direction, the sheet has yield strength ~291MPa and tensile 
strength ~414MPa. Total elongation is ~10.7%. For 90° tests, the properties are 
similar with rolling direction. The engineering stress-strain curves are presented in 
Figure 4.4. All the results mentioned in the text are the average value of three tensile 
tests, but only one curve is presented in the diagram (the same for the other 
concepts). 
a) 
 
b)       c) 
Figure 4.4: Engineering stress-strain curve for No.1: a) hot rolled sheet, b) batch 
annealing, c) continuous annealing 
4.4.2 Fe-TiC ex-situ twin roller 
For twin roller application, TiC powder was directly charged into tundish before the 
melt flow between rollers through a tube, as illustrated in Figure 4.5 left. The TiC 
powder is as same as that applied for powder metallurgy. In total 350g TiC powder 
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was charged into the system, but 80g powder was left in the tube and ~330g 
white/black powder was found in the tundish after testing (Figure 4.5 right). The 
reason for this is that TiC powder reacted with oxygen from air and formed TiO2 in 
the tundish. Afterwards, no TiC content was detected in the final sheets. This method 
is not applicable 
 
Figure 4.5: Schematic explanation for the charging system (left) and left powders in 
the tundish (right) 
When direct charging of TiC powder into tundish was not successful, the new idea 
of producing hollow Fe wire with TiC powder inside was developed. First trial, hollow 
Fe wire with TiC powder inside was produced by Corodur Fülldraht. The wire itself 
was made of low alloyed steel with 2mm diameter in Figure 4.6 left. Because the TiC 
powder is too fine, it is not possible to charge 100%TiC powder into the hollow wire. 
The inner powder was mixed together with Fe powder. For the final product, the wire 
has only 80g TiC per kg wire (8wt.%). Afterwards, the hollow wire was charged into 
the melt flow after tundish and the melting process was successful. Final sheet with 
linear bright area was presented in Figure 4.6 right. The position of melted hollow 
wire was marked with red frame. The products were checked for chemical 
composition and metallography. Only little TiC particles were found. 
 
Figure 4.6: Hollow Fe wire with TiC powder inside (left) and produced final sheet 
(right) 
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The main reason for the low TiC fraction in the hollow wire is the fine particle size. 
Therefore, agglomerated TiC powder was produced at Hosokawamicron in 
Nederland with two machines, i.e. Cyclomix giving dense granules and Flexomix 
resulting in more open structured granules. In both machines, 10% waterglass was 
added as binder during mixing. After adding, the material was kept on mixing for 2 
minutes and dried at 70°C for 24h hours in the oven. Finally, the power with particle 
size between 100µm and 1mm was selected. 
Corodur Fülldraht chose the Cyclomix produced powder for hollow wire producing. 
Three production tests were made, but the agglomerated powder was crushed into 
(too) fine particles again during producing. Eventually, producing ex-situ Fe-TiC twin 
roller material was not successful. 
4.2 Concept in-situ Fe-TiC-No.2 
At the beginning, concept in-situ Fe-TiC was planned to be produced via twin roller 
route. Because melt condition is really strict for twin roller system, small scale Fe-
10vol.%TiC melt for 8kg was carried out at IEHK, in order to have an overview of 
melting process. Unfortunately, viscosity of Fe-TiC melt is too high to apply in twin 
roller system. The idea to produce in-situ Fe-TiC material has been given up. 
Afterwards, the cast block from Fe-10vol.%TiC 8kg melt was successfully rolled at 
TKSE and tested at IEHK. Based on positive results of the properties of this material, 
it was decided to produce Fe-TiC melt via the conventional melting-casting route. In 
order to improve the melting process, volume fraction of TiC phase was reduced from 
10% to 8%. 
The first attempt to create a melting block was failed. During adding of Ti into the 
melt, there was a strong exothermic reaction which caused foaming of the melt, as 
shown in Figure 4.7. The melting process was stopped in the middle. The second 
trial was successful by optimizing alloy feeding with reduced lot sizes compared with 
the first generation. The following rolling processes were successfully performed. 
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Figure 4.7: Photo of “foaming” caused by TiC formation in the first melting trial 
The final product has density 7.536g/cm3, which is decreased by 4.12% compared 
with pure Fe. The measured elastic modulus is 224GPa, which is 5.16% more than 
that of reference steel (No.8). The hardness is 179HV10 measured on hot rolled 
sheet. Actual chemical composition was tested and listed in Table 4.3. 
wt.% C  Si Mn P S  Al Ti Fe 
No.2 1.24 0.36 1.1 0.01 0.01 0.18 4.64 Rest 
Table 4.3: Measured chemical composition of material Fe-8%TiC produced via 
conventional melting-casting route 
Metallographic investigation was carried out on cast block, hot rolled sheets and 
cold rolled sheets. As shown in Figure 4.8 a), in the cast block TiC particles with gray 
color were homogeneous distributed except for small amount of local clustering. After 
hot rolling b), the particles were homogenous distributed along rolling direction and 
clustered groups were crashed into small pieces. In the batch annealing sheets c), 
decarburization of steel matrix was observed. This is due to the reaction between 
free carbon and oxygen from the furnace, which is not well sealed. Finally, in batch 
annealing sheet only ferrite matrix was found. The matrix consists of pearlite and 
ferrite phases in continuous annealing sheets. Particle size distribution was analyzed 
on both annealing sheets. The result is presented in Figure 4.9, in which the left part 
is particle distribution according to relative frequency and the right part is about 
relative area fraction. In the final products, TiC particles have the average particle 
size ~6.0µm and maximum particle size ~14µm. 
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a) LOM image for cast block at 
magnification 500 without etching 
b) LOM image for hot rolled sheet at 
magnification 500 without etching 
 
  
c) LOM image for batch annealing sheet 
at magnification 1000 with etching 
d) LOM image for conti. annealing sheet 
at magnification 1000 with etching 
Figure 4.8: Metallographic images for material Fe-8%TiC produced via 
conventional melting-casting route 
 
Figure 4.9: Particle distribution for No.2 according to relative frequency (left) and 
relative area (right) 
Static tensile tests were carried out on both hot rolled and cold rolled sheets. 
Along rolling direction of hot rolled sheet, it has yield strength ~347MPa and tensile 
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strength ~536MPa, as well as total elongation ~10.8%. For batch annealing sheets, 
along rolling direction, yield strength is ~227MPa and tensile strength is ~444MPa. 
And total elongation is ~26.7%. For continuous annealing sheet, along rolling 
direction, the sheet has yield strength ~483MPa and tensile strength ~640MPa. Total 
elongation is ~16.4%. For 45° and 90° tests, the properties are similar with rolling 
direction. The engineering stress-strain curves are presented in Figure 4.10. 
a) 
 
b)       c) 
Figure 4.10: Engineering stress-strain curve for No.2: a) hot rolled sheet, b) batch 
annealing, c) continuous annealing 
4.3 Concept Fe-10%TiB2 twin roller-No.3 
Melt with 160kg was produced in the vacuum furnace at IBF. The twin roller 
casting process stopped just several seconds after beginning, due to the high 
viscosity of melt. Only several meters of casting sheets were received with thickness 
~1.5mm. Figure 4.11 left shows the state of cast sheets, which are very brittle and 
can be easily broken. 
The received cast sheets were off-line hot rolled at TKSE to the thickness 1.04mm. 
Cold rolling process was stopped, when the thickness reduction was ~35%. Because 
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the bad surface quality, as shown in Figure 4.11 right, cracks started in the middle of 
the sheet. The cold rolled sheets were tested without annealing process. 
 
Figure 4.11: Photos for cast sheet (left) and cold rolled sheet (right) of material No.3 
The final product has density 7.246g/cm3, which is decreased by 7.81% compared 
with pure Fe. Measured density is much lower than the theoretical value, due to the 
high pore fraction in the material. The measured elastic modulus is 241GPa, which is 
13.2% more than that of reference steel (No.8). The hardness is 405HV10 measured 
on cast sheet. Actual chemical composition was tested on cast sheet and listed in 
Table 4.4. 
wt.% C  Si Mn P S  Al Ti B 
No.3 0.08 0.49 1.18 0.02 0.01 0.33 5.23 2.85 
Table 4.4: Measured chemical composition of material Fe-10%TiB2 produced via 
twin roller route 
Metallographic investigation was carried out on cast sheet and cold rolled sheet. 
As shown in Figure 4.12, for twin roller produced sheets, the microstructure changes 
from dendrite near the surface into granular shape near core area. Therefore, 
metallographic images were taken at different positions through the whole sheet. 
Only pictures at very edge and middle of the sheets are presented here. In the image 
c) without etching, TiB2 particles were in gray color. The black phases observed in 
the picture were tested to be mixture of pores and oxides. These pores were 
generated during twin roller process at the connection area between soft matrix and 
hard particles. And oxide could be Al2O3 or TiO2. 
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a) LOM image for cast sheet edge at 
magnification 500 with etching 
b) LOM image for cast sheet middle at 
magnification 500 with etching 
 
  
c) LOM image for cold rolled sheet 
middle at magnification 1000 without 
etching 
d) LOM image for cold rolled sheet 
middle at magnification 1000 with etching 
Figure 4.12: Metallographic images for material Fe-10%TiB2 produced via twin roller 
route 
The bad surface condition and pores in the microstructure are the reasons, which 
leaded to the extremely low elongation, as presented in Figure 4.13. The samples 
were broken direct after test starting. 
 
Figure 4.13: Engineering stress-strain curve for No.3: cold rolled sheet 
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4.4 Concept Fe-5%TiB2 twin roller-No.4 
Melt with 170kg was produced by vacuum furnace at IBF. And about 1/3 of the 
total amount was cast through twin rollers. This is because of high viscosity of the 
melt. Oxygen content in the cast sheets was tested to be 102ppm, which leaded to 
TiO2 formation. This could be another reason for the process disruption. In total 
~20m for both cast and inline hot rolled sheets with thickness ~1.5mm were obtained. 
Afterwards, rolling and annealing processes were made at TKSE. The following 
three concepts were performed: cast sheet → offline hot rolling → cold rolling → 
batch annealing (CHC), inline hot rolled sheet →offline hot rolling → cold rolling → 
batch annealing (HHC) and inline hot rolled sheet → cold rolling (HC). For the first 
two concepts CHC and HHC, the rolling and annealing processes were successfully 
performed. The inline hot rolled sheet was broken during direct cold rolling, so the 
process was stopped. 
The final product has density 7.586g/cm3, which is decreased by 3.49% compared 
with pure Fe. The measured elastic modulus is 230GPa, which is 7.98% more than 
that of reference steel (No.8). The hardness is 268HV10 measured on inline hot 
rolled sheet. Actual chemical composition was tested and listed in Table 4.5. 
wt.% C  Si Mn P S  Al Ti B 
No.4 0.088 1.21 1.27 0.02 0.01 0.03 3.59 1.16 
Table 4.5: Measured chemical composition of material Fe-5%TiB2 produced via 
twin roller route 
Metallographic investigation was carried out on cast sheets, inline hot rolled 
sheets, offline hot rolled sheets and cold rolled sheets. As shown in Figure 4.14 a) 
and b), in the middle part of twin roller sheets, microstructure is mainly in granular 
shape instead of dendrite. TiB2 particles are clearly presented under etching. After 
cold rolling and batch annealing processes c) and d), fine TiB2 phases are 
homogenously distributed in the matrix. Due to decarburization during annealing, the 
matrix only consists of ferrite phase. Particle size distribution was analyzed on both 
annealing sheets. The result is presented in Figure 4.15, in which the left part is 
particle distribution according to relative frequency and the right part is about relative 
area fraction. In the final products, TiB2 particles have the average particle size 
~2.0µm and maximum particle size ~7.5µm. HHC product has smaller average 
particle size than CHC product. 
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a) LOM image for cast sheet middle at 
magnification 500 with etching 
b) LOM image for inline hot rolled sheet 
middle at magnification 500 with etching 
 
  
c) LOM image for CHC sheet at 
magnification 500 with etching 
d) LOM image for HHC sheet at 
magnification 500 with etching 
Figure 4.14: Metallographic images for material Fe-5%TiB2 produced via twin roller 
route 
 
Figure 4.15: Particle distribution for No.4 according to relative frequency (left) and 
relative area (right) 
Static tensile tests were carried out on both inline hot rolled sheet (H), offline hot 
rolled sheet (2H) and cold rolled sheets. Only rolling direction samples were tested. 
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The engineering stress-strain curves are presented in Figure 4.16. Hot rolled sheets 
were very brittle and total elongation was <3.5%. For CHC sheets, the test showed 
the results for yield strength ~319MPa, tensile strength ~586MPa and total 
elongation ~13.3%. For HHC sheets, yield strength is ~389MPa and tensile strength 
is ~635MPa. And total elongation is ~10.2% on average. The relatively low 
elongation for cold rolled sheets is caused by the bad surface condition of tensile test 
samples. After cold rolling, the sheet has very thin thickness ~0.3mm and cracks 
appeared in the middle, as shown in Figure 4.17. 
 
a)       b) 
Figure 4.16: Engineering stress-strain curve for No.4: a) hot rolled sheets, b) batch 
annealing cold rolled sheets 
 
Figure 4.17: Surface condition of tensile test samples for material No.4 cold rolled 
sheets 
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with two sheets for each were performed: cast sheet → offline hot rolling → cold 
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performed for all the sheets. Coiling temperature after hot rolling was 800°C instead 
of 700°C. For the concept CHC, only one sheet could be cold rolled. Both annealing 
were carried out, but the sample was broken during continuous annealing process, 
so only batch annealing sheet was obtained in the end. For the concept HHC, both 
sheets could not be cold rolled. 
Due to the higher coiling simulating temperature (800°C), the sheets were strongly 
oxidized on the surface, as shown in Figure 4.18. This effect was not observed on 
other sheets but only on concept No.1, which was performed together with No.5 at 
800°C. Even after descaling, the red oxide layer was not totally removed. This could 
be the reason for unsuccessful cold rolling process. 
 
Figure 4.18: Oxide scale after hot rolling (left) and after descaling (right) 
The final product has density 7.807g/cm3 and elastic modulus 216GPa, which are 
comparable with reference steel produced via conventional route (No.8). The 
hardness is 142HV10 measured on inline hot rolled sheet. Actual chemical 
composition was tested on cast sheet and listed in Table 4.6. 
wt.% C  Si Mn P S  Al Ti Fe 
No.5 0.079 0.408 1.16 0.03 0.011 0.001 Rest 0.079 
Table 4.6: Measured chemical composition of material reference via twin roller 
route 
Metallographic investigation was carried out on cast sheet, inline hot rolled and 
cold rolled sheet. As shown in Figure 4.19 a) and b), microstructure for cast and 
inline hot rolled sheets consists of ferrite and pearlite phases. In the image c), after 
cold rolling and batch annealing processes, only ferrite phase was existent due to 
decarburization. 
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a) LOM image for cast sheet middle at 
magnification 500 with etching 
b) LOM image for inline hot rolled sheet 
middle at magnification 500 with etching 
  
c) LOM image for CHC sheet at magnification 500 with etching 
Figure 4.19: Metallographic images for reference material produced via twin roller 
route 
Static tensile tests were carried out on CHC cold rolled sheets. Along rolling 
direction, the sheet has yield strength ~167MPa and tensile strength ~289MPa. Total 
elongation is ~12.6%, as presented in Figure 4.20. For 90° tests, A25 samples were 
tested and the properties are similar with rolling direction. 
 
Figure 4.20: Engineering stress-strain curve for No.5: cold rolled sheet 
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4.6 Concept Fe-10%TiB2 conv.-No.6 
For concept Fe-10%TiB2 produced via conventional melting-casting route, the 
melting, casting and following rolling processes were successfully performed at 
TKSE. During pre-rolling process, the head of the block was partially melted, as 
exhibited in Figure 4.21 left. After cold rolling, small cracks were observed on the 
edge of the sheet, as shown in Figure 4.21 right. 
 
Figure 4.21: Pre-rolled block with partial melted head (left) and cracks on the edge of 
cold rolled sheet (right) 
The final product has density 7.409g/cm3, which is decreased by 5.74% compared 
with pure Fe. The measured elastic modulus is 243GPa, which is 14.08% more than 
that of reference steel (No.8). The hardness is 163HV10 measured on hot rolled 
sheet. Actual chemical composition was tested and listed in Table 4.7. 
wt.% C  Si Mn P S  Al Ti B 
No.6 0.072 0.40 1.05 0.016 0.003 0.232 6.34 2.5 
Table 4.7: Measured chemical composition of material Fe-10%TiB2 produced via 
conventional melting-casting route 
Metallographic investigation was carried out on cast block, hot rolled sheets and 
cold rolled sheets. As shown in Figure 4.22 a), in the cast block, TiB2 particles with 
gray color were clustered together into small groups. After hot rolling b), the particles 
were separated and homogenous distributed through the matrix. After cold rolling 
and both annealing c) and d), only ferrite phase was observed as matrix. TiB2 
particles have variety of shapes and sizes. 
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a) LOM image for cast block at 
magnification 100 without etching 
b) LOM image for hot rolled sheet at 
magnification 100 without etching 
 
  
c) LOM image for batch annealing sheet 
at magnification 1000 with etching 
d) LOM image for conti. annealing sheet 
at magnification 1000 with etching 
Figure 4.22: Metallographic images for material Fe-10%TiB2 produced via 
conventional melting-casting route 
In order to study important alloy element distribution (especially carbon), beam 
mapping was carried out on batch annealing sheet. As presented in Figure 4.23, 
except for large TiB2 particles, small TiC particles were also formed. Most carbon in 
the matrix reacted with over alloyed Ti, thus only ferrite phase was found in the cold 
rolled sheet for continuous annealing sheet. For batch annealing sheet, both 
decarburization and TiC formation have the effect on single ferrite phase generation. 
In order to investigate the particle configuration, microprobe analysis was performed. 
The black phases in backscattered electrons photo (Figure 4.24) are TiB2, which are 
the main particle type in the material. Fe2B particles were not found in this material. 
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Figure 4.23: Element mapping for material Fe-10%TiB2 produced via conventional 
melting-casting route 
 
Figure 4.24: Backscattered electrons photo of material No.6 and tested particle 
composition 
Particle size distribution was analyzed on both annealing sheets. The result is 
presented in Figure 4.25, in which the left part is particle distribution according to 
relative frequency and the right part is about relative area fraction. In the final 
products, TiB2 particles have the average particle size ~5.0µm and maximum particle 
size ~17µm. 
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Figure 4.25: Particle distribution for No.6 according to relative frequency (left) and 
relative area (right) 
Static tensile tests with A50 samples were carried out on both batch and 
continuous annealing cold rolled sheets. For batch annealing sheets, along rolling 
direction, yield strength is ~293MPa and tensile strength is ~546MPa. And total 
elongation is ~22.7%. For continuous annealing sheet, along rolling direction, the 
sheet has yield strength ~284MPa and tensile strength ~542MPa. Total elongation is 
~21.3%. There is no big difference of properties on both annealing sheets. For 45° 
and 90° tests, the properties are similar with rolling direction. The engineering stress-
strain curves are presented in Figure 4.10. 
 
a)       b) 
Figure 4.26: Engineering stress-strain curve for No.6: a) batch annealing, b) 
continuous annealing 
4.7 Concept Fe-5%TiB2 conv.-No.7 
Material Fe-5%TiB2 was successfully produced via conventional melting-casting 
route. The melting, casting and following rolling processes were performed at TKSE. 
The final product has density 7.576g/cm3, which is decreased by 3.61% compared 
with pure Fe. The measured elastic modulus is 230GPa, which is 7.98% more than 
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that of reference steel (No.8). The hardness is 171HV10 measured on hot rolled 
sheet. Actual chemical composition was tested and listed in Table 4.8. 
wt.% C  Si Mn P S  Al Ti B 
No.7 0.065 0.38 0.917 0.011 0.0046 0.094 2.83 0.88 
Table 4.8: Measured chemical composition of material Fe-5%TiB2 produced via 
conventional melting-casting route 
Metallographic investigation was carried out on cast block, hot rolled sheets and 
cold rolled sheets. As shown in Figure 4.27 a), in the cast block, very fine TiB2 
particles with gray color were in net shape distributed. After hot rolling b), the 
particles were separated and homogenous distributed through the matrix. After cold 
rolling and both annealing c) and d), only ferrite phase was observed as matrix. TiB2 
particles have variety of shapes and sizes. 
  
a) LOM image for cast block at 
magnification 100 without etching 
b) LOM image for hot rolled sheet at 
magnification 500 without etching 
  
c) LOM image for batch annealing sheet 
at magnification 1000 with etching 
d) LOM image for conti. annealing sheet 
at magnification 1000 with etching 
Figure 4.27: Metallographic images for material Fe-5%TiB2 produced via 
conventional melting-casting route 
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Analogous to concept No.6, beam mapping was performed on batch annealing 
sheet for No.7. As presented in Figure 4.28, except for TiB2 particles, small TiC 
particles were also formed. This is the reason which leads to single ferrite phase 
formation in the microstructure. Existent of TiC particles was further proved by 
microprobe analysis. As shown Figure 4.29, chemical composition of two typical 
points in backscattered electrons photo was listed. They are indicated to be TiC and 
TiB2 particles. Fe2B particles were not found in this material. 
 
Figure 4.28: Element mapping for material Fe-5%TiB2 produced via conventional 
melting-casting route 
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Figure 4.29: Backscattered electrons photo of material No.7 and tested particle 
composition 
Particle size distribution was analyzed on both annealing sheets. The result is 
presented in Figure 4.30, in which the left part is particle distribution according to 
relative frequency and the right part is about relative area fraction. In the final 
products, TiB2 particles have the average particle size ~4.0µm and maximum particle 
size ~13µm. 
 
Figure 4.30: Particle distribution for No.7 according to relative frequency (left) and 
relative area (right) 
Static tensile tests with A50 samples were carried out on both batch and 
continuous annealing cold rolled sheets. For batch annealing sheets, along rolling 
direction, yield strength is ~276MPa and tensile strength is ~542MPa. And total 
elongation is ~24.4%. For continuous annealing sheet, along rolling direction, the 
sheet has yield strength ~263MPa and tensile strength ~532MPa. Total elongation is 
~25.8%. There is no big difference of properties on both annealing sheets. For 45° 
0%
2%
4%
6%
8%
10%
12%
14%
16%
18%
0.6 0.9 1.4 2.2 3.5 5.6 8.9 14.1
R
e
la
ti
v
e
 F
re
q
u
e
n
c
y
, 
 %
 
Particle Size, μm 
Batch annealing
Continuous annealing
-3%
2%
7%
12%
17%
22%
0.6 0.9 1.4 2.2 3.5 5.6 8.9 14.1
R
e
la
ti
v
e
 A
re
a
, 
 %
 
Particle Size, µm 
Batch annealing
Continuous annealing
  
20µm 
4 Results 
 96 
and 90° tests, the properties are similar with rolling direction. The engineering stress-
strain curves are presented in Figure 4.31. 
 
a)       b) 
Figure 4.31: Engineering stress-strain curve for No.7: a) batch annealing, b) 
continuous annealing 
High temperature tensile tests were performed by Trebel machine at IEHK. For 
material No.7, only batch annealing cold rolled sheets were tested. The tests were 
carried out at 500°C and 600°C. In order to compare the new developed material with 
conventional high temperature application steels, ferritic stainless steel X2CrTiNb18 
(1.4509) was selected as reference material. The tested data for both room 
temperature and high temperature were summarized in Figure 4.32. As presented in 
the diagram, material No.7 possessed similar strength properties compared with 
conventional steel. The bad ductility was caused by the brittle ceramic phases. 
 
Figure 4.32: Mechanical properties at room temperature and high temperature for 
material No.7 and reference steel 1.4509 
Wear tests were performed by ball-on-disc-tribometer at IOT. Material HX340LAD 
was chosen as reference material for comparison. After testing, the samples were 
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first examined with a light microscope at 75x and 300x magnification. The surface 
profiles were measured by profilometer. The wear volume and wear rate were 
calculated by the following equations:  
           
  
  
    
 
where,   is wear volume in mm
3,   is wear surface in mm2,   is running radius in 
mm (2.5mm in this test),   is wear rate in mm3/Nm,    is normal force in N (5N in this 
test) and   is running path in m (500m in this test).The calculation of the wear area A 
was based on the measurement data of the profilometer and the integration of 
characteristic curves. The calculated results for two materials were listed in 
Table 4.9, two samples for each material. Based on the results, new developed 
material No.7 Fe-5%TiB2 has better wear property compared with reference steel 
HX340LAD. 
Material 
Average wear 
surface mm2 
Wear rate 
mm3/Nm 
Average wear 
coefficient µ 
HX340LAD-1 1.00*10-2 6.30*10-5 0.40±0.02 
HX340LAD-2 1.15*10-2 7.20*10-5 0.34±0.01 
Fe-5%TiB2-1 6.85*10
-3 4.31*10-5 0.42±0.03 
Fe-5%TiB2-2 2.82*10
-3 1.77*10-5 0.36±0.1 
Table 4.9: Calculated wear rate for material No.7 and reference steel HX340LAD 
4.8 Concept reference conv.-No.8 
For reference material produced via conventional melting-casting route, melting, 
casting and following rolling processes were successfully performed at TKSE. The 
final product has density 7.811g/cm3 and elastic modulus 213GPa, which are 
comparable with conventional C-Mn steels. The hardness is 116HV10 measured on 
hot rolled sheet. Actual chemical composition was tested and listed in Table 4.10. 
wt.% C  Si Mn P S  Al Fe 
No.8 0.087 0.408 0.976 0.015 0.0058 0.031 98.3 
Table 4.10: Measured chemical composition of reference material produced via 
conventional melting-casting route 
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Metallographic investigation was carried out on cast block, hot rolled sheets and 
cold rolled sheets. As shown in Figure 4.33, the shape of matrix changed from 
longilineal in cast block into granular shape in cold rolled sheets. Due to 
decarburization effect, no pearlite phase was observed in batch annealing sheet. The 
matrix has only soft ferrite phase. For continuous annealing sheet, both ferrite and 
pearlite phases were found.  
  
a) LOM image for cast block at 
magnification 100 with etching 
b) LOM image for hot rolled sheet at 
magnification 500 with etching 
  
c) LOM image for batch annealing sheet 
at magnification 500 with etching 
d) LOM image for conti. annealing sheet 
at magnification 500 with etching 
Figure 4.33: Metallographic images for reference material produced via conventional 
melting-casting route 
Static tensile tests with A50 samples were carried out on both batch and 
continuous annealing cold rolled sheets. For batch annealing sheets, along rolling 
direction, yield strength is ~178MPa and tensile strength is ~334MPa. And total 
elongation is ~30.7%. For continuous annealing sheet, along rolling direction, the 
sheet has yield strength ~366MPa and tensile strength ~446MPa. Total elongation is 
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~28.2%. For 45° and 90° tests, the properties are similar with rolling direction. The 
engineering stress-strain curves are presented in Figure 4.34. 
 
a)       b) 
Figure 4.34: Engineering stress-strain curve for No.8: a) batch annealing, b) 
continuous annealing 
4.9 Concept X-IP strengthening-No.9 
Based on the literature study, X-IP steel (Fe-22Mn) was firstly reinforced with TiC. 
Melt Fe-22Mn-10%TiC was produced at TKSE and cast block was obtained. During 
pre-rolling process, the block was broken from middle part, as shown in Figure 4.35 
left. Further processing was terminated. The liquidus temperature of this material was 
tested to be >1565°C by DTA. 
In the next step, TiB2 was chosen as reinforcement phase instead of TiC. Melt Fe-
22Mn-10%TiB2 was produced. After charging of alloy elements into molten iron 
during melting process, viscosity of the melt became very low. During casting, half of 
the melt run out from the mold. For pre-rolling, the block fell into pieces after taking 
out from furnace, as presented in Figure 4.35 right. No more processing was 
possible. The liquidus temperature of this material was tested to be ~1500°C by DTA. 
 
Figure 4.35: Sample photos after pre-rolling of X-IP steel reinforced with 10%TiC 
(left) and 10%TiB2 (right) 
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Finally, TiC was selected as strengthening phase, but the volume fraction was 
reduced from 10% to 6%. Melting and casting processes were successfully 
performed at TKSE. After pre-rolling, a big crack near head of the block appeared, as 
shown in Figure 4.36. Two hot rolling samples were achieved after cutting off crack 
part. Coiling simulating temperature was 500°C. In the end, for one sample only 7% 
thickness reduction was reached and the other one was until 40% with thickness 
~2mm. The latter was utilized for further processes. 
Due to Mn carbide formation during batch annealing, only continuous annealing 
was carried out. The cold rolled sheet was broken during cutting for “Multipas” 
annealing sample, so the continuous annealing process was performed at IEHK. The 
cold rolled sheet was annealed at 780°C and 830°C by Nabertherm furnace. The 
furnace was heated up until the aimed temperature. Then the samples were fixed 
inside for 2+3min, 2min for homogenizing and 3min for annealing. Afterwards, they 
were quenched in water. (Rhesca simulator was not possible for this application, 
because the sheet was not flat.) 
 
Figure 4.36: Sample photos after pre-rolling of X-IP steel reinforced with 6%TiC 
The final product has density 7.713g/cm3, which is decreased by 1.11% compared 
with original X-IP 1000 (7.8g/cm3). The measured elastic modulus is 191GPa, which 
is 16.46% more than that of original X-IP 1000 (164GPa along rolling direction). The 
hardness is 245HV10 measured on hot rolled sheet. Actual chemical composition 
was tested and listed in Table 4.11. 
wt.% C  Si Mn P S  Al Ti Fe 
No.9 1.53 0.246 22.1 0.021 0.029 0.01 2.35 Rest 
Table 4.11: Measured chemical composition of material Fe-22Mn-6%TiC produced 
via conventional melting-casting route 
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a) LOM image for cast block at 
magnification 100 without etching 
b) LOM image for hot rolled sheet at 
magnification 500 with etching 
  
c) LOM image for 780°C annealing sheet 
at magnification 1000 with etching 
d) LOM image for 830°C annealing sheet 
at magnification 1000 with etching 
Figure 4.37: Metallographic images for material Fe-22Mn-6%TiC produced via 
conventional melting-casting route 
Metallographic investigation was carried out on cast block, hot rolled sheets and 
cold rolled sheets. As shown in Figure 4.37 a), in the cast block, TiC particles with 
gray color were homogenous distributed through the matrix. In hot rolling image b), 
light gray phases were TiC particles and the black phases were pores, which were 
formed at the particle and matrix connecting positions. The reason for pore formation 
is the hardness difference between particles and matrix. Additionally, dark gray 
phases were located on the grain boundaries, which were further tested. After cold 
rolling and annealing c) and d), TiC particles were in white color and pores were also 
observed. 
Hot rolled sheet was tested by EDS analysis for the gray phases observed in LOM 
image. In the SEM image (Figure 4.38), three points with different colors were 
tested. EDS spectrum for point 1 had peaks on Fe and Mn, which indicated as matrix 
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phase. Point 2 had high Ti peak, which was related with TiC. Point 3 along grain 
boundary was the gray phase mentioned above. It had similar spectrum with matrix 
phase. Since carbon content can’t be tested by EDS analysis, this phase could be 
FeMnCx carbides. 
  
  
Figure 4.38: SEM images for material Fe-22Mn-6%TiC and EDS spectrum 
Particle size distribution was analyzed on both annealing sheets. The result is 
presented in Figure 4.39, in which the left part is particle distribution according to 
relative frequency and the right part is about relative area fraction. In the final 
products, TiC particles have the average particle size ~7.0µm and maximum particle 
size ~20µm. 
20µm 
4 Results 
 103 
 
Figure 4.39: Particle distribution for No.9 according to relative frequency (left) and 
relative area (right) 
Static tensile tests with A25 samples were carried out on both continuous 
annealing cold rolled sheets. For 780°C annealing sheets, along rolling direction, 
yield strength is ~492MPa and tensile strength is ~873MPa. And total elongation is 
~13.5%. For 830°C annealing sheet, along rolling direction, the sheet has yield 
strength ~477MPa and tensile strength ~935MPa. Total elongation is ~20.6%. For 
90° tests, the properties are similar with rolling direction. 830°C continuous annealing 
sheets have better mechanical properties than that of 780°C annealing sheets. The 
engineering stress-strain curves are presented in Figure 4.40. 
For steel X-IP 1000, it has yield strength ~530MPa and tensile strength ~1100MPa 
along rolling direction (A80 tests). Both strengths were decreased in TiC reinforced 
X-IP steel. Total elongation was reduced from ~60% (A80 tests) to 20% (830°C A25 
tests) after reinforcing. These effects could be due to the pores in the microstructure. 
 
Figure 4.40: Engineering stress-strain curve for No.9: continuous annealing at two 
temperatures 
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4.10 Concept Fe-5%TiB2-5%Fe2B conv.-No.10 
Two trials were carried out for concept Fe-5%TiB2-5%Fe2B at TKSE. For the first 
trial, melting and casting processes were without problem performed. As usual, the 
cast block was heated up to 1200°C for pre-rolling process. After first pass of rolling, 
big crack was formed, as presented in Figure 4.41 left. According to Fe-Ti-B phase 
diagram, the eutectic temperature for reaction L ⇌ (γFe) + TiB2 + Fe2B is at 1170°C. 
For this reason, pre-heating temperature for pre-rolling and hot rolling processes was 
reduced to 1130°C instead of 1200°C. Hot rolling process utilizing blocks from this 
failed trial was carried out at IBF. The rolling was successfully fulfilled. 
Based on the information from the failed trial, the second attempt was carried out 
at TKSE. By using pre-heating temperature of 1130°C, melting, casting, pre-rolling 
and hot rolling processes were without problem performed. During first pass of cold 
rolling process, large crack was generated, as shown in Figure 4.41 right. 
Subsequently, small sample from this sheet was manually cold rolled without tape 
tension. Finally, the rest sheets were successfully cold rolled at Clausthal. Both 
annealing processes were performed. 
 
Figure 4.41: Sample photos after pre-rolling of first trial for No.10 (left) and cold 
rolling of second trial for No.10 (right) 
The final product has density 7.64g/cm3, which is decreased by 2.8% compared 
with pure Fe. The measured elastic modulus is 229GPa, which is 7.51% more than 
that of reference steel (No.8). The hardness is 222HV10 measured on hot rolled 
sheet. Actual chemical composition was tested and listed in Table 4.12. 
wt.% C  Si Mn P S  Al Ti B 
No.10 0.15 0.518 1.02 0.008 0.006 0.041 2.05 1.53 
Table 4.12: Measured chemical composition of material Fe-5%TiB2-5%Fe2B 
produced via conventional melting-casting route 
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Metallographic investigation was carried out on cast block, hot rolled sheets and 
cold rolled sheets. In order to distinguish between TiB2 and Fe2B particles, only 
images without etching were shown in Figure 4.42. In those pictures, TiB2 particles 
were in relatively dark gray color and Fe2B particles were in light gray color. In the 
cast block a), big hollow islands of Fe2B phases with net shape were observed. And 
TiB2 particles were in acicular shape distributed through matrix. After hot rolling b), 
Fe2B phases were compressed into large solid particles. After cold rolling and 
annealing c) and d), Fe2B particles were crashed into smaller pieces compared with 
that of hot rolling. Two kinds of particles were homogenous distributed in the material. 
In the etching image of cold rolled sheets, decarburization was observed in batch 
annealing sheet but not in continuous annealing sheet. Therefore, for batch 
annealing only single ferrite phase was in the matrix. 
  
a) LOM image for cast block at 
magnification 500 without etching 
b) LOM image for hot rolled sheet at 
magnification 500 without etching 
  
c) LOM image for batch annealing sheet 
at magnification 1000 without etching 
d) LOM image for conti. annealing sheet 
at magnification 1000 without etching 
Figure 4.42: Metallographic images for material Fe-5%TiB2-5%Fe2B produced via 
conventional melting-casting route 
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Particle size distribution was analyzed on both annealing sheets. TiB2 and Fe2B 
particles were analyzed together. Based on metallographic studies, the small particle 
size part was contributed by TiB2 particles and Fe2B for large particle size part. The 
result is presented in Figure 4.39, in which the left part is particle distribution 
according to relative frequency and the right part is about relative area fraction. In the 
final products, TiB2 and Fe2B particles have the average particle size ~7.5µm and 
maximum particle size ~20µm. 
 
Figure 4.43: Particle distribution for No.10 according to relative frequency (left) and 
relative area (right) 
Static tensile tests with A50 samples were carried out on both hot rolled and cold 
rolled sheets. For hot rolling sheets, along rolling direction, yield strength is ~365MPa 
and tensile strength is ~541MPa. Total elongation is ~7.7%. For batch annealing 
sheet, along rolling direction, the sheet has yield strength ~275MPa and tensile 
strength ~501MPa. Total elongation is ~19.1%. For continuous annealing sheet, 
along rolling direction, the sheet has yield strength ~400MPa and tensile strength 
~597MPa, as well as total elongation ~13%. For 45° and 90° tests, the properties are 
similar with rolling direction. The engineering stress-strain curves are presented in 
Figure 4.44. 
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b)       c) 
Figure 4.44: Engineering stress-strain curve for No.10: a) hot rolled sheet, b) batch 
annealing, c) continuous annealing 
Strain rates 1/s, 10/s, 100/s and 250/s at RT were chosen for dynamic tensile 
tests. Only samples from 90° direction (transverse direction) were tested. The 
experiment was carried out by machine Schenck as introduced in chapter 3.3.3. 
Additionally, static tensile tests at strain rate 0.0008/s with specimen geometry shown 
in Figure 3.9 were performed by machine Zwick. Experimental data for strain rate 
250/s can’t be analyzed due to the large oscillation of dynamic stress-strain curves, 
as demonstrated in Figure 4.45. This large oscillation at high strain rate was caused 
by the material characteristic, e.g. high yield point and brittle behavior. 
 
Figure 4.45: Schematic demonstration for large oscillation of dynamic stress-strain 
curve at high strain rate 
Finally, mechanical properties of four strain rates were summarized in 
Figure 4.46. As illustrated in the diagram, static tests had the lowest strength and 
elongation values for both annealing sheets. Within dynamic tests range, strength 
was slightly increased with raising strain rate. Total elongation was hardly varied for 
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different strain rates. Dynamic engineering stress-strain curves at different strain 
rates were shown in chapter 9 appendix. 
 
Figure 4.46: Mechanical properties at different strain rate for material No.10: batch 
annealing (left) and continuous annealing (right) 
The energy absorption relevant for automotive applications was described as area 
under dynamic engineering stress-strain curve. It was calculated according to 
following equation: 
      
∫           
    
 
 
 
where       is energy absorption in kJ/kg,      is engineering stress in MPa,      is 
engineering strain and   is material density in g/cm3. Energy absorption from plastic 
deformation until 10% elongation is shown in Figure 4.47. Compared with reference 
steels HX340/420LAD, continuous annealing sheet had similar values but batch 
annealing sheet had lower energy. 
 
Figure 4.47: Calculated energy absorption until 10% elongation for material No.10 
and reference steels 
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4.11 Concept Fe-5%TiB2-8%Fe2B conv.-No.11 
Analogous to concept No.10, two trials were carried out for concept Fe-5%TiB2-
8%Fe2B at TKSE. For the first trial, melting and casting processes were without 
problem performed. Afterwards, the cast block was heated up to 1200°C for pre-
rolling process. After first pass of rolling, the block fell into pieces, as presented in 
Figure 4.48 left. Based on the information described in last section, pre-heating 
temperature for pre-rolling and hot rolling processes was reduced to 1130°C instead 
of 1200°C. Hot rolling process utilizing blocks from this failed trial was carried out at 
IBF. The rolling was successfully fulfilled. 
Subsequently, the second attempt was carried out by using pre-heating 
temperature of 1130°C. Melting and casting processes were without problem 
performed. After pre-rolling, large crack was generated, as shown in Figure 4.48 
right. Two hot rolling samples were obtained and hot rolling process was successful. 
As discussed, cold rolling with tape tension was failed. Finally, the rest sheets were 
successfully cold rolled at Clausthal. Both annealing processes were performed. 
 
Figure 4.48: Sample photos after pre-rolling of first trial for No.11 (left) and pre-rolled 
block of second trial for No.11 (right) 
The final product has density 7.635g/cm3, which is decreased by 2.86% compared 
with pure Fe. The measured elastic modulus is 234GPa, which is 9.86% more than 
that of reference steel (No.8). The hardness is 214HV10 measured on hot rolled 
sheet. Actual chemical composition was tested and listed in Table 4.13. 
wt.% C  Si Mn P S  Al Ti B 
No.11 0.117 0.424 0.96 0.006 0.004 0.03 1.95 2.02 
Table 4.13: Measured chemical composition of material Fe-5%TiB2-8%Fe2B 
produced via conventional melting-casting route 
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Metallographic investigation was carried out on cast block, hot rolled sheets and 
cold rolled sheets. In order to distinguish between TiB2 and Fe2B particles, only 
images without etching were shown in Figure 4.49. In the pictures, TiB2 particles 
were in dark gray color and Fe2B particles were in light gray color. In the cast block a), 
Fe2B phases with net shape were homogenous distributed through the matrix. 
Apparently, the volume fraction of ceramic phase is higher than that of material 
No.10. After hot rolling b), Fe2B phases were compressed into large solid particles. 
TiB2 particles had relatively smaller particle size compared with Fe2B phases. Pores 
with black color were observed on the edge of Fe2B particles. After cold rolling and 
annealing c) and d), Fe2B particles were crashed into smaller pieces. Two kinds of 
particles were homogenous distributed in the material. Decarburization was observed 
in batch annealing sheet but not in continuous annealing sheet. Therefore, for batch 
annealing only single ferrite phase was in the matrix. 
  
a) LOM image for cast block at 
magnification 100 without etching 
b) LOM image for hot rolled sheet at 
magnification 500 without etching 
  
c) LOM image for batch annealing sheet 
at magnification 1000 without etching 
d) LOM image for conti. annealing sheet 
at magnification 1000 without etching 
Figure 4.49: Metallographic images for material Fe-5%TiB2-8%Fe2B produced via 
conventional melting-casting route 
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Since for both material No.10 and No.11 cold rolling processes were failed with 
tape tension, metallographic study by SEM was carried out on No.11 for checking the 
crack initiation surface. As presented in Figure 4.50, TiB2 particles were in black 
color and Fe2B particles were in gray color. Cracks started always on large Fe2B 
particles. This could be the reason for unsuccessful cold rolling process. 
 
Figure 4.50: SEM images of crack initial position during cold rolling for material 
No.11 
In additional, beam mapping was performed on batch annealing sheet for No.11, 
in order to distinguish between TiB2 and Fe2B phases. As presented in Figure 4.51 
and Figure 4.52, both mapping and microprobe tests showed that the dark black 
phase in SEM photo is TiB2 and the dark gray phase is Fe2B. Unfortunately, volume 
fraction for each phase can’t be analyzed. The mapping photo indicated that small 
amount of TiC particles were also formed. 
 
Figure 4.51: Element mapping for material Fe-5%TiB2-8%Fe2B produced via 
conventional melting-casting route 
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Figure 4.52: SEM photo of material No.11 and tested particle composition 
Particle size distribution was analyzed on both annealing sheets. TiB2 and Fe2B 
particles were analyzed together. Based on metallographic studies, the small particle 
size part was contributed by TiB2 particles and Fe2B for large particle size part. The 
result is presented in Figure 4.53, in which the left part is particle distribution 
according to relative frequency and the right part is about relative area fraction. In the 
final products, TiB2 and Fe2B particles have the average particle size ~8.5µm and 
maximum particle size >20µm. 
 
Figure 4.53: Particle distribution for No.11 according to relative frequency (left) and 
relative area (right) 
Static tensile tests were carried out on both hot rolled and cold rolled sheets. For 
hot rolling sheets, along rolling direction with A25 samples, yield strength is ~367MPa 
and tensile strength is ~484MPa. And total elongation is ~2.1%. For 90° tests with 
A50 samples, total elongation 5.1% was observed. For batch annealing sheet, along 
rolling direction, the sheet has yield strength ~262MPa and tensile strength 
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~461MPa. Total elongation is ~12.1%. For 45° and 90° tests, the properties are 
similar with rolling direction. For continuous annealing sheet, along rolling direction, 
the sheet has yield strength ~437MPa and tensile strength ~567MPa, as well as total 
elongation ~5.6%. For 45° tests, higher total elongation was observed. For 90° tests 
with A25 samples, the properties are similar with rolling direction. The engineering 
stress-strain curves are presented in Figure 4.54. 
a) 
 
b)       c) 
Figure 4.54: Engineering stress-strain curve for No.11: a) hot rolled sheet, b) batch 
annealing, c) continuous annealing 
Strain rates at 1/s, 10/s, 100/s and 250/s at RT were chosen for dynamic tensile 
tests of transverse direction samples. The experiment was carried out by machine 
Schenck. Additionally, static tensile tests at strain rate 0.0008/s with specimen 
geometry shown in Figure 3.9 were performed by machine Zwick. As discussed in 
last section, tested data for strain rate 250/s can’t be analyzed for material No.11 as 
well. Mechanical properties of four strain rates were summarized in Figure 4.55. As 
illustrated in the diagram, static tests had the lowest strength and elongation values 
for both annealing sheets. Within dynamic tests range, strength and total elongation 
were slightly varied for different strain rates. Dynamic engineering stress-strain 
curves at different strain rates were shown in chapter 9 appendix. 
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Figure 4.55: Mechanical properties at different strain rate for material No.11: batch 
annealing (left) and continuous annealing (right) 
The energy absorption relevant for automotive applications was described as area 
under dynamic engineering stress-strain curve. It was calculated according to 
following equation introduced in last section. Energy absorption from plastic 
deformation until 10% elongation is shown in Figure 4.56. Similar results were 
obtained compared with material No.10. In contrast with reference steels 
HX340/420LAD, continuous annealing sheet had similar values but batch annealing 
sheet had lower energy. 
 
Figure 4.56: Calculated energy absorption until 10% elongation for material No.11 
and reference steels 
4.12 Internal oxidation-No.12 
For internal oxidation tests, after testing for 48h and 96h at different temperatures, 
various kinds of oxides formed under the surface of Fe-Al and Fe-Si alloy samples. In 
this section, the thickness, location, morphology, composition and influence on the 
hardness of these oxides were studied and discussed. The analysis methods of 
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LOM, SEM, EDS, and micro-hardness test were involved to evaluate the internal 
oxidation result. 
4.12.1 Tests at 1000°C 
When samples were taken out from furnace after testing at 1000°C for 48h and 
96h, non-continuous oxidation layer was found on the surface of Fe-Al alloy samples. 
This was not observed on the surface of Fe-Si alloy, as shown in Figure 4.57. Only 
external oxidation was appeared for Fe-Al sample at 1000°C. This effect was caused 
by the relatively high oxygen partial pressure in the atmosphere, as well as high 
affinity and concentration of Al. When external oxide layer formed on the surface of 
Fe-Al alloy, oxygen combined with Al on the surface, so the diffusion of oxygen into 
the alloy was hinted. Substantive Al element was consumed by external oxidation. 
Therefore, the oxygen partial pressure and Al concentration at the reaction front was 
insufficient for internal oxidation reaction under the surface of Fe-Al alloy. 
 
Figure 4.57: Fe-Al and Fe-Si alloy samples after testing at 1000°C for 48h 
Quantitative data produced by performing EDS tests also support the mentioned 
conclusion about external reaction in Fe-Al alloy. Two points were measured for Fe-
Al alloy tested for 96h at 1000°C, as shown in Figure 4.58. There was hardly any 
precipitate around point A. According to the EDS spectrum, point A revealed 
significant peaks of both Fe and Al. The composition of this area is very close to the 
original chemical composition shown in Table 3.3. The EDS at point B revealed 
significant peaks of Al and O. This is the spectrum for a gray particle on the external 
oxidation layer. The composition of point B identifies that the gray particle is Al oxide. 
For the high affinity of Al at 1000°C and high Al concentration (8wt.%), the light block 
around B is most likely Al2O3. 
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Figure 4.58: SEM image of Fe-Al alloy sample tested at 1000°C for 96h and EDS 
spectrum 
Blocks of internal oxides were found under the surface of Fe-Si alloy. This proved 
the internal oxidation reaction in Fe-Si alloy. Comparing between Fe-Si alloy samples 
tested at 1000°C for 48h and 96h, as shown in Figure 4.59, the thickness of oxide 
zone in sample 48h is around 70μm and in sample 96h is around 100μm. Reaction 
time is the determinant factor for the thickness of internal oxidation layer. According 
to the morphology, the particles are quite coarse blocks. So the internal oxides of Fe-
Si alloy formed at 1000 °C are not suitable for the strengthening of steels. 
10µm 
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Figure 4.59: LOM photos for Fe-Si alloy samples: reacted at 1000°C for 48h, ×1000 
(left) and for 96h, ×1000 (right) 
The composition of block oxides and matrix in Fe-Si alloy tested for 48h at 1000°C 
was identified by performing EDS, as shown in Figure 4.60. The matrix composition 
is identified by the analysis quantitative data of point A. Peaks of Fe, Si and Al found 
in the EDS spectrum revealed that the composition of point A is the same of the 
original chemical composition. The big particle marked as B lies around 40μm 
distance from the free surface. The EDS spectrum of this area reveals significant 
peaks of Al, O and a little of Fe, Si. Since Al has a higher affinity than Fe and Si, it is 
reasonable that the precipitation around point B is Al2O3. In the EDS spectrum of the 
particle marked as C, peaks of Al, Si, O and Fe are found. This particle is around 
15μm distance from the free surface. It is a mixture of Al2O3, SiO2 and pure Fe, Al or 
Si. 
50µm 50µm 
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Figure 4.60: SEM image of Fe-Si alloy sample tested at 1000°C for 48h and EDS 
spectrum 
4.12.2 Tests at 900°C 
LOM images for Fe-Al and Fe-Si alloy samples tested at 900°C for 48h are shown 
in Figure 4.61. There is hardly any internal oxide in the matrix of Fe-Al alloy, but only 
a layer of dark oxide on the surface, which indicates external oxidation. The 
thickness of oxide layer in Fe-Si alloy is ~20μm, which is much thinner than that in 
sample tested at 1000°C. The reasons for reduced thickness are the lower annealing 
temperature and induced insufficient diffusion velocity of oxygen. 
20µm 
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Figure 4.61: LOM photos for Fe-Al alloy sample tested at 900°C for 48h, x1000 (left) 
and Fe-Si alloy sample tested for 48h, x1000 (right) 
The oxides in Fe-Si alloy tested for 48h at 900°C was analyzed by EDS. As shown 
in Figure 4.62, point B is brighter than point C in SEM image. This indicates the 
constitution difference between point B and C. As higher atomic mass elements 
back-scatter electrons are more effectively than elements of lower atomic mass, the 
grey precipitates contain higher concentrations of higher atomic mass elements than 
the black precipitates. 
Peaks of Fe, Si and C are found in the EDS spectrum of point A. It reveals that the 
composition is the same of the original chemical composition. The gray particle 
locates (point B) ~5μm distance from the free surface. In the EDS spectrum, peaks of 
Al, Si, O, Fe and Mn are found. So the particle is most likely the mixture of FeAl2O4 
and SiO2. The black particle marked as C lies ~3μm distance from the free surface. 
The EDS spectrum of this area reveals significant peaks of Al, O, Si and a little of Fe. 
Since Al has a higher affinity than Fe and Si, it is reasonable that the precipitation 
around point C consists of Al2O3 and SiO2. EDS spectrum of point D relates to the 
light gray layer on the surface of Fe-Si alloy sample. The EDS spectrum of this layer 
reveals significant peaks of Al, O, Fe, Si and a little of Mn. According to the EDS 
spectrum, location and color of the layer, they are FeAl2O4 and SiO2. 
20µm 20µm 
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Figure 4.62: SEM image of Fe-Si alloy sample tested at 900°C for 48h and EDS 
spectrum 
4.12.3 Tests at 800°C 
LOM images of Fe-Al and Fe-Si alloy samples tested at 800°C for 48h was shown 
in Figure 4.63. There is a very thin oxide layer on the surface of Fe-Al alloy, but no 
internal oxide inside matrix is found. The formation of this oxide layer and the 
relatively low temperature hinted the diffusion of oxygen into the metal matrix. This 
oxide layer is Al2O3 layer like the oxide layer found on the surface of Fe-Al alloy 
10µm 
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samples tested at 1000°C and 900°C. The thickness of internal oxide layer inside of 
Fe-Si alloy tested for 48h and 96h are both ~8μm. They are much thinner than that of 
the samples tested at 1000°C or 900°C. For tests at 800°C, the diffusion velocity of 
oxygen is very limited. 
 
Figure 4.63: LOM photos for Fe-Al alloy sample reacted at 800°C for 48h, x1000 
(left) and Fe-Si alloy sample reacted at 800°C for 48h, x1000 (right) 
4.12.4 Tests at 700°C and 600°C 
Comparing LOM images of Fe-Al and Fe-Si alloy samples tested at 700°C for 48h, 
obvious distinguish is discovered as shown in Figure 4.64. The internal oxides in Fe-
Al alloy samples are too fine to be identified after enlarging into magnification of 1000 
times. While Fe-Si alloy sample has an internal oxidation layer with ~30µm thickness. 
 
Figure 4.64: LOM photos for Fe-Al alloy sample reacted at 700°C for 48h, x1000 
(left) and Fe-Si alloy sample reacted at 700°C for 48h, x1000 (right) 
20µm 20µm 
20µm 20µm 
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The internal oxides in Fe-Si alloy samples tested at 600°C are also too fine to be 
studied, while the thickness of internal oxidation layer in Fe-Al alloy is ~25μm, 
Figure 4.65. 
 
Figure 4.65: LOM photos for Fe-Al alloy sample reacted at 600°C for 48h, x1000 
(left) and Fe-Si alloy sample reacted at 600°C for 48h, x1000 (right) 
700°C is more suitable for the internal oxidation of Fe-Si alloy while that of Fe-Al 
alloy prefer occurs at 600°C. Therefore, the EDS performed on Fe-Si alloy samples 
tested at 700°C and Fe-Al alloy samples tested at 600°C. 
For Fe-Si alloy, quantitative data produced by performing EDS support the 
information about the oxides and matrix in Fe-Si alloy. Two points were measured for 
Fe-Si alloy tested for 48h at 700°C, as presented in Figure 4.66. The matrix 
composition is identified by the analysis quantitative data of point A. Peaks of Fe, Si 
and Al are found in the EDS spectrum. It reveals that the composition of matrix of this 
tested Fe-Si alloy sample is the same of the original chemical composition. EDS 
spectrum of point B relates to the gray layer inside the surface of Fe-Si alloy sample. 
The EDS spectrum of this layer reveals significant peaks of Fe, Si, O, Al and vary 
limited amount of C. Because the internal oxides are very fine in this sample and the 
detect area of EDS is relatively large, certain amount of Fe in matrix is included in 
this spectrum. Considering this situation, according to the EDS spectrum and color of 
the oxides, they are primary SiO2 and a little of FeAl2O4 or Al2O3. 
20µm 20µm 
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Figure 4.66: SEM image of Fe-Si alloy after testing at 700°C for 48h, x1000 and 
EDS spectrum 
In order to get the information about the oxides and matrix in Fe-Al alloy tested at 
600°C, EDS was performed on two points of Fe-Al alloy sample tested for 48h, as 
shown in Figure 4.67. EDS spectrum indicates that point A has the same chemical 
composition as original material. EDS spectrum of point B relates to the gray oxide 
layer on the surface of Fe-Al alloy sample. The EDS spectrum of this layer reveals 
significant peaks of Al, O, Fe, and a little of Si, C. Based on the EDS spectrum, 
location and color of the layer, it is primary FeAl2O4. 
20µm 
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Figure 4.67: SEM image of Fe-Al alloy after testing at 600°C for 48h, x1000 and 
EDS spectrum 
4.12.5 Micro-hardness analysis 
Micro-hardness test was carried out to compare the properties between matrix and 
internal oxidation layer after reaction. The testing load was limited at 0.025kg and 
loaded for 15s. And the indentations are in micrometer grade. The results of micro-
hardness test are shown in Table 4.14. The hardness difference between matrix and 
internal oxidation zone in Fe-Al alloy is much greater than that in Fe-Si alloy. 
Location and sample 
Measured hardness 
/HV,0.025kg,15s 
Average value 
/HV,0.025kg,15s 
Core of Fe-Al alloy 180 169 159 169.33 
Oxidation layer of Fe-Al alloy 415 440 424 426.33 
Core of Fe-Si alloy 202 220 211 211 
Oxidation layer of Fe-Si alloy 243 250 229 240.67 
Table 4.14: Micro-hardness of Fe-Si alloy tested at 700°C and Fe-Al alloy after 
testing for 48h at 600°C 
20µm 
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5 Discussion 
Effects of reinforcement phase types, volume fraction and processing methods on 
the final physical and mechanical properties will be discussed in this chapter. Except 
for internal oxidation tests, three ceramic phases were involved in this study, i.e. TiC, 
TiB2 and Fe2B. The discussion will be focused on these phases. For physical 
properties, the discussion is concentrated on density, elastic modulus and particle 
distribution. Mechanical properties are related with strength and ductility. 
5.1 Effects of ceramic phases on density and elastic modulus 
Since ceramic phases (TiC, TiB2 and Fe2B) have lower density compared with 
pure Fe, density of new developed steels with addition of ceramic phases will be 
decreased. Measured and theoretical density of all the products was summarized in 
Figure 5.1 in descending order according to measured values. The theoretical 
density was calculated by equation             , where   ,   ,    are density of 
the composite, particles and matrix respectively and Vm, Vp are the volume fraction of 
matrix and particle respectively. Tested density of pure Fe was 7.86g/cm3, which 
showed good coherence with theoretical value. Two reference steels produced via 
different methods No.5&8 had similar results ~7.81g/cm3, which are close to 
theoretical values. 
Effect of 6vol.%TiC phase on density of X-IP steel was not obvious (No.9). The 
density was only slightly decreased compared with X-IP 1000 steel. By adding of 
8vol.%TiC particles, steel density was reduced to 7.536g/cm3 for material No.2 
produced via conventional melting-casting route and 7.439g/cm3 for material No.1 
produced via powder metallurgy method. Resulted lower density compared with 
theoretical value by powder metallurgy was due to the pores generated during ex-situ 
processing. 
Density of material No.11 was a little lower than No.10 owing to the more Fe2B 
volume fraction in material No.11. Two materials with 5vol.%TiB2 (No.4&7) had 
similar density, which is much lower than No.10&11 with addition of Fe2B phase. The 
name of each concept was the aimed chemical constitution for the material, but 
actually for No.4&7 the volume fraction of TiB2 particles was larger than 5% (around 
5.9% from metallographic study). For material No.10&11, the volume fraction of TiB2 
phase could be lower than the aimed 5vol.% due to TiC and Fe2B phase formation. 
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This is the reason why the density of material No.10&11 is much higher than that of 
material No.4&7. Among all the materials, No.3 with 10vol.%TiB2 twin roller product 
had the lowest density with 7.246 g/cm3, which was much lower than theoretical 
value. Based on the metallographic study, this was due to the large amount of pores 
and oxides in the microstructure of material No.6. 
 
Figure 5.1: Measured density for all the materials 
Except for the effect on density, enhancing of elastic modulus is another significant 
feature for ceramic phase reinforced steels. Because ceramic phases (TiC, TiB2 and 
Fe2B) have much higher elastic modulus than that of pure Fe. Measured elastic 
modulus for rolling direction of all the products were summarized in Figure 5.2 in 
ascending order and for transverse direction were illustrated in Figure 5.3. 
Two reference steels (No.5&8) showed results of elastic modulus close to 
conventional low alloy C-Mn steels. X-IP-6vol.%TiC steel had lowest value due to the 
extremely low elastic modulus of X-IP 1000 (164GPa) matrix. Different processing 
routes had no obvious effect on elastic modulus. As presented, ex-situ and in-situ Fe-
8vol.%TiC (No.1&2) had similar results. Meanwhile, the same effect was observed on 
twin roller products No.3 (No.4) and conventional melting-casting products No.6 
(No.7), which had the same chemical composition. Elastic modulus was increased 
7.86 
7.811 7.807 
7.713 
7.64 7.635 
7.586 
7.576 
7.536 
7.439 
7.409 
7.246 
7.86 
7.8 7.8 
7.63 
7.6 7.58 
7.63 7.63 
7.57 7.57 
7.47 7.47 
7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9
D
e
n
s
it
y
, 
g
/c
m
3
 
Density
Theoretical density
No.7  
Fe-5%TiB2 
conv. 
No.6  
Fe-10%TiB2 
conv. 
No.1  
Fe-8%TiC 
PM 
No.2  
Fe-8%TiC 
conv. 
No.4  
Fe-5%TiB2 
twin roller 
No.10  
Fe-5%TiB2 
-5%Fe2B 
conv. 
No.9  
X-IP-6%TiC 
conv. 
No.5  
Reference 
twin roller 
No.8  
Reference 
conv. 
Pure Fe No.11  
Fe-5%TiB2 
-8%Fe2B 
conv. 
No.3  
Fe-10%TiB2 
twin roller 
5 Discussion 
 127 
with raising ceramic phase volume fraction, e.g. from 5vol.%TiB2 (No.7) to 
10vol.%TiB2 (No.6). 
For transverse direction, elastic modulus of most materials resembled that of 
rolling direction. Only material No.6&7, the value was much decreased. 
 
Figure 5.2: Measured elastic modulus for rolling direction of all the materials 
 
Figure 5.3: Measured elastic modulus for transverse direction of all the materials 
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5.2 Effects of processing route and ceramic phase volume fraction 
on particle distribution 
5.2.1 Same chemical composition processed via different methods 
Material No.1 produced via ex-situ powder metallurgy and No.2 produced via in-
situ conventional melting-casting were both reinforced with 8vol.%TiC phase. 
Existing fine TiC particles were utilized for material No.1 processing and TiC phases 
were formed by reaction during melting process for material No.2. Comparison of 
particle distribution between these two materials was demonstrated in Figure 5.4 for 
batch annealing sheet and in Figure 5.5 for continuous annealing sheets. Both 
relative frequency and relative area fraction were recorded. For both annealing 
sheets, TiC particles processed via powder metallurgy (No.1) had smaller size than 
that of conventional melting-casting method (No.2). 
 
Figure 5.4: Comparison of particle distribution between material No.1 and No.2 for 
batch annealing sheets 
 
Figure 5.5: Comparison of particle distribution between material No.1 and No.2 for 
continuous annealing sheets 
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distribution between these two materials was demonstrated in Figure 5.6 for batch 
annealing sheet. Only processed inline hot rolled sheets (HHC) from twin roller for 
material No.4 was discussed here. Both relative frequency and relative area fraction 
were recorded. TiB2 particles processed via twin roller (No.4) had much smaller size 
than that of conventional melting-casting method (No.7). This is caused by the fast 
cooling and solidification in twin roller process. 
 
Figure 5.6: Comparison of particle distribution between material No.4 and No.7 for 
batch annealing sheets 
5.2.2 Same processing route with different ceramic phase volume fraction 
Material No.6 reinforced with 10vol.%TiB2 phase and No.7 reinforced with 
5vol.%TiB2 phase were both produced via conventional melting-casting. TiB2 
particles were formed by reaction during melting process. Comparison of particle 
distribution between these two materials was shown in Figure 5.7 for batch 
annealing sheet and in Figure 5.8 for continuous annealing sheets. Both relative 
frequency and relative area fraction were recorded. TiB2 particles in material No.7 
had much smaller size than that of material No.6. Therefore, the particle size 
increased with raising ceramic phase volume fraction, when the processing routes 
were the same. 
 
Figure 5.7: Comparison of particle distribution between material No.6 and No.7 for 
batch annealing sheets 
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Figure 5.8: Comparison of particle distribution between material No.6 and No.7 for 
continuous annealing sheets 
Material No.10 reinforced with 5vol.%TiB2 and 5vol.%Fe2B phases and No.11 
reinforced with 5vol.%TiB2 and 8vol.%Fe2B phases were both produced via 
conventional melting-casting. TiB2 and Fe2B particles were formed by reaction during 
melting process. Comparison of particle distribution between these two materials was 
shown in Figure 5.9 for batch annealing sheet and in Figure 5.10 for continuous 
annealing sheets. Both relative frequency and relative area fraction were recorded. 
TiB2 and Fe2B particles size in material No.10 were smaller than that of material 
No.11. This is due to higher volume fraction of Fe2B phases in material No.11. 
 
Figure 5.9: Comparison of particle distribution between material No.10 and No.11 
for batch annealing sheets 
 
Figure 5.10: Comparison of particle distribution between material No.10 and No.11 
for continuous annealing sheets 
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5.3 Effects of reinforcement phases on mechanical properties 
In Figure 5.11, engineering stress-strain curves (one from three curves for each 
material) for five excellent new developed materials and reference melt were 
summarized. Only batch annealing products were discussed. As presented, 
compared with reference melt, new developed ceramic reinforcement composites 
had much higher yield and tensile strength, especially the twin roller product. Strong 
strain hardening was observed. The total elongation of ceramic reinforced materials 
was decreased compared with reference melt, due to the brittle ceramic particles. 
Comparison between materials Fe-5vol.%TiB2 (No.7) and Fe-10vol.%TiB2 (No.6) 
produced via conventional melting-casting route, there was no big difference for 
mechanical properties. The influence of the volume fraction of TiB2 on mechanical 
properties is not as significant as on elastic modulus and density. The twin roller 
product Fe-5vol.%TiB2 (No.4) had extremely low elongation due to its bad surface 
quality. Limited ductility of material Fe-5vol.%TiB2-5vol.%Fe2B (No.10) was caused 
by brittle Fe2B particles, which had large particles size. The strengthening capability 
of TiC phase is inferior to that of TiB2 phase as either physical or mechanical 
properties are considered. 
 
Figure 5.11: Comparison of mechanical properties among different concepts 
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5.4 Comparison between new materials and conventional steels 
Physical and mechanical properties of new developed materials and conventional 
steels were summarized and illustrated in Figure 5.12. X-axis was described as 
specific elastic modulus and Y-axis was for specific tensile strength. In the diagram, 
each symbol represented one chemical constituent, which was processed via 
different methods and parameters. Typical conventional DP-CP and CMn steels were 
exhibited as green and blue bars for comparison. 
Properties of reference steels produced from this study were close to CMn steels. 
Specific elastic modulus of steels with additional reinforcement phases was much 
higher than that of conventional steels. But specific tensile strength of new developed 
steels was within the range of DP-CP steels. Fe-22Mn-6vol.%TiC had extremely high 
specific strength due to X-IP 1000 matrix. Material with 10vol%TiB2 had attractive 
specific elastic modulus value. 
 
Figure 5.12: Summarization of physical and mechanical properties for new materials 
and conventional steels 
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6 Conclusions 
Within this study, potential of various ceramic phases and possible processing 
routes were summarized via literature review. Laboratory production of TiC, TiB2 and 
Fe2B reinforced steel composites through conventional melting-casting route, twin 
roller route and powder metallurgy method were performed. Homogenous distribution 
of ceramic particles was achieved in the matrix. According to processing routes, the 
following conclusions have been drawn in this work: 
 In-situ conventional melting-casting route (ingot casting): 
Steel composites with ceramic phases (TiC, TiB2, TiB2+Fe2B) were 
successfully produced. Melting and casting processes were without problem 
performed. High roller wear could be expected during rolling processes. 
 In-situ twin roller route: 
Steel composites with ceramic phase TiB2 were produced. Melting, twin roller 
casting and inline hot rolling processes for low volume fraction of TiB2 
composites were performed without any problem, but not for high volume 
fraction of TiB2. Wear of casting rollers is not expected compared with 
conventional melting-casting route. 
 Ex-situ twin roller route: 
Direct charging of TiC powder into melt flow was unsuccessful. Afterwards, 
TiC hollow wire was produced and successfully insert into continuous cast thin 
sheets. However, weight fraction of TiC powder in the hollow wire was too low, 
which is only 8wt.%. 
 Ex-situ powder metallurgy route: 
Mixing and HIP processes were externally carried out at Bodycote Heiß-
Isostatisches Pressen GmbH. Following rolling and annealing processes were 
performed at TKSE. 
Ceramic strengthened composites showed higher specific E-modulus and strength 
than conventional steels. Ductility and joinability were reduced due to addition of 
ceramic phases. In order to restrict the side effects, ceramic phase volume fraction 
should be limited up to 10%. Among all the conventional melting-casting route 
produced materials, concept Fe-5%TiB2 and Fe-10%TiB2 composites had better 
strength, ductility and specific elastic modulus than the others. Between these two 
concepts, material Fe-5%TiB2 possessed better producibility and similar mechanical 
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properties compared with concept Fe-10%TiB2, but lower specific elastic modulus. 
However, the alloying costs were doubled from reinforcing with 5%TiB2 to 10%TiB2. 
Therefore, concept Fe-5%TiB2 produced through conventional melting-casting route 
had the best combination of property, alloying cost and producibility among all the 
materials. 
For internal oxidation tests under O2 atmosphere on Fe-Al and Fe-Si alloys, the 
following conclusions can be drawn according to the experimental parameters 
mentioned above: strong external oxidation at 900/1000°C and internal oxidation at 
600-800°C were observed for Fe-Al alloy; coarse Al2O3 internal oxides appeared at 
high temperature tests for Fe-Si alloy; maximum depth of oxidation zone was less 
than 100µm, which was insufficient to the aimed thickness 500µm. Therefore, further 
testing of mechanical properties was canceled. The constitutions of internal oxidation 
at different temperatures are shown in Table 6.1. 
 Fe-Al alloy Fe-Si alloy 
1000°C -- Al2O3 
900°C -- Al2O3, FeAl2O4 and SiO2 
800°C -- SiO2 and Al2O3 
700°C and 600°C FeAl2O4 SiO2 and a little of FeAl2O4 or Al2O3 
Table 6.1: Constitutions of internal oxides of Fe-Al and Fe-Si alloys 
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7 Future work 
In the current work, wear resistance and high temperature behavior were only 
tested on material No.7 Fe-5%TiB2. Dynamic tensile tests were only performed on 
materials No.10 Fe-5%TiB2-5%Fe2B and No.11 Fe-5%TiB2-5%Fe2B. For further 
investigation, these properties should be tested on all the new developed materials. 
Additionally, new alloying concepts could be developed. Based on the current 
results, steel composite with TiB2 phase of volume fraction between 5% and 10% 
could be produced and further investigated. Furthermore, combination of ceramic 
phases reinforced steel focusing on the already tested TiC, TiB2 and Fe2B is of 
interest, e.g. 2%TiC+2%TiB2+2%Fe2B. Within this study only widely discussed 
ceramic phases TiC, TiB2 and Fe2B were involved. Besides, development of B4C 
particle reinforced steels by new technique will be discussed. 
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9 Appendix 
Sample 
S0 
mm² 
L0 
mm 
Rp0.2 
MPa 
ReH 
MPa 
ReL 
MPa 
Rm 
MPa 
Ag 
% 
A50 
% 
r-
value 
n-
value 
1W-0-A 38.59 47.57 261 - - 439 8.2 9 - 0.19 
1W-0-B 38.01 51.37 265 - - 442 8.5 9 - 0.21 
1W-0-C 38.07 50.77 256 - - 444 8.8 9.4 - 0.21 
1H-0-A 11.32 52.69 175 - - 367 16.4 18.3 0.72 0.21 
1H-0-B 11.08 53.08 175 - - 364 15.4 16.5 0.73 0.21 
1H-0-C 10.95 51.84 170 - - 366 14 16.3 0.66 0.22 
1H-90-A 4.35 26.23 192 - - 380 13.1 14.5* - - 
1H-90-B 4.35 26.42 186 - - 369 8.5 8.8* - - 
1H-90-C 4.36 25.81 198 - - 380 14.1 15.5* - - 
1K-0-A 11.38 49.99 - 298 296 421 10.4 11.4 0.86 0.21 
1K-0-B 11.42 50.68 - 286 279 409 9.2 9.8 - 0.21 
1K-0-C 11.4 52.39 - 293 285 411 10 10.9 - 0.2 
1K-90-A 4.55 25.12 298 - - 434 8 8.4* - - 
1K-90-B 4.42 27.6 297 - - 432 6.7 7.4* - - 
1K-90-C 4.62 26.27 - - - 439 -0.1 -0.1* - - 
Table 9.1: Mechanical properties from static tensile tests for material No.1: W 
means hot rolled sheets; H means batch annealing; K means 
continuous annealing; * means A25 samples 
Sample 
S0 
mm² 
L0 
mm 
Rp0.2 
MPa 
ReH 
MPa 
ReL 
MPa 
Rm 
MPa 
Ag 
% 
A50 
% 
r-value 
n-
value 
2W-0-A 42.96 48.68 343 - - 534 7.9 8.5 - 0.2 
2W-0-B 43.09 52.43 339 - - 529 11.1 12.8 0.79 0.18 
2W-0-C 42.81 54.17 358 - - 544 9.2 11.1 - 0.19 
2W-90-A 42.58 49.92 368 - - 546 8.1 9.4 - 0.16 
2W-90-B 36.81 52.29 410 - - 593 7 7.3 - 0.16 
2W-90-C 33.55 53.37 470 - - 680 6 6.7 - 0.18 
2H-0-A 14.55 49.85 225 - - 440 18.9 26.6 0.78 0.19 
2H-0-B 14.26 50.63 230 - - 450 19.6 27.3 0.77 0.19 
2H-0-C 14.51 50.77 226 - - 443 18.5 26.6 0.74 0.19 
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Sample 
S0 
mm² 
L0 
mm 
Rp0.2 
MPa 
ReH 
MPa 
ReL 
MPa 
Rm 
MPa 
Ag 
% 
A50 
% 
r-value 
n-
value 
2H-45-A 14.47 50.54 224 - - 447 17.4 23.8 0.87 0.19 
2H-45-B 14.47 50.12 220 - - 445 17.9 24 0.78 0.2 
2H-45-C 14.49 53.04 232 - - 447 19.6 28.1 0.88 0.19 
2H-90-A 13.9 51.52 251 - - 470 16.9 20.2 0.96 0.18 
2H-90-B 13.88 50.13 247 - - 475 18 25.4 0.96 0.19 
2H-90-C 14.49 51.71 237 - - 452 18.4 26.6 0.85 0.19 
2K-0-A 13.25 50.21 - 486 476 644 13.2 16.4 
[1]0.67 
[2]0.65 
0.2 
2K-0-B 14.22 50.48 - 490 485 635 14.1 17.7 
[1]0.76 
[2]0.75 
0.2 
2K-0-C 13.15 47.83 - 485 481 642 12.9 15 
[1]0.64 
[2]0.70 
0.19 
2K-45-A 13.43 50.32 - 534 510 679 14 16.2 
[1]0.81 
[2]0.84 
0.2 
2K-45-B 14.09 49.65 - 0 0 642 9.8 10.3 0.88 0.19 
2K-45-C 14.19 49.99 - 492 481 639 13.4 16.5 
[1]0.91 
[2]0.94 
0.19 
2K-90-A 14 49.42 - 488 482 644 10.2 10.3 
[1]0.91 
[2]0.78 
0.2 
2K-90-B 13.85 48.89 - 490 482 634 7 7.1 1.03 0.21 
2K-90-C 13.74 48.82 - 490 484 652 12 12.6 
[1]0.99 
[2]0.84 
0.19 
Table 9.2: Mechanical properties from static tensile tests for material No.2: W 
means hot rolled sheets; H means batch annealing; K means 
continuous annealing 
Sample 
S0 
mm² 
L0 
mm 
Rp0.2 
MPa 
Rm 
MPa 
Ag 
% 
A25 
% 
r-value n-value 
3H-0-A 3.2 26.89 - 500 - - - - 
3H-0-B 3.19 25.63 - 543 - - - - 
3H-0-C 3.19 25.93 - 602 - - - - 
Table 9.3: Mechanical properties from static tensile tests for material No.3: H 
means batch annealing 
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Sample 
S0 
mm² 
L0 
mm 
Rp0.2 
MPa 
Rm 
MPa 
Ag 
% 
A50 
% 
r-value n-value 
4W1-0-A 20.47 51.22 554 600 0.4 0.4 - - 
4W1-0-B 20.73 52.33 550 654 0.8 0.8 - - 
4W1-0-C 20.66 54.95 - 439 - - - - 
4W2-0-A 13.08 51.75 536 643 1.9 2.7 - - 
4W2-0-B 10.99 53.4 589 728 2.3 2.3 - - 
4W2-0-C 13.44 53.22 522 665 3 3.1 - - 
4HHC-0-A 5.75 52.18 385 649 10.1 10.3 0.67 0.19 
4HHC-0-B 5.83 52.44 366 607 8.2 8.2 - 0.19 
4HHC-0-C 5.74 53.75 416 648 10.6 12.1 0.69 0.17 
4CHC-0-A 4.13 53.62 241 411 4.2 4.6 - 0.21 
4CHC-0-B 3.85 51.21 319 586 10.4 13.3 0.79 0.18 
4CHC-0-C 3.49 54.72 444 539 2.7 4.1 - 0 
Table 9.4: Mechanical properties from static tensile tests for material No.4: W1 
means inline hot rolled sheets; W2 means inline and offline hot rolled 
sheets; HHC and CHC mentioned in the text 
Sample 
S0 
mm² 
L0 
mm 
Rp0.2 
MPa 
Rm 
MPa 
Ag 
% 
A50 
% 
r-value n-value 
5H-0-A 6.02 50 180 289 11.8 13.9 0.65 0.22 
5H-0-B 5.64 51.7 167 312 14.1 14.8 0.72 0.27 
5H-0-C 6.14 51.17 153 267 9.1 9.2 - 0.26 
5H-90-A 2.3 25.07 181 305 9.9 10.1* - - 
5H-90-A 2.46 25.34 172 304 12.7 13.4* - - 
5H-90-A 2.2 25.55 195 324 11.8 12.5* - - 
Table 9.5: Mechanical properties from static tensile tests for material No.5: H 
means batch annealing; * means A25 samples 
Sample 
S0 
mm² 
L0 
mm 
Rp0.2 
MPa 
Rm 
MPa 
Ag 
% 
A50 
% 
r-value n-value 
6H-0-A 13.47 53.29 292 560 15.8 25.7 0.69 0.21 
6H-0-B 14.15 53.64 293 536 15.2 20 0.70 0.21 
6H-0-C 14.15 50.59 294 541 15.6 22.5 0.67 0.21 
6H-45-A 14.26 52.17 276 530 15.8 23.7 1.11 0.21 
6H-45-B 13.79 53.49 284 548 17.7 27 1.07 0.21 
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Sample 
S0 
mm² 
L0 
mm 
Rp0.2 
MPa 
Rm 
MPa 
Ag 
% 
A50 
% 
r-value n-value 
6H-45-C 13.94 53.66 290 545 15.9 24 1.01 0.21 
6H-90-A 13.89 53.1 314 571 14.6 21.4 0.90 0.2 
6H-90-B 14.43 52.64 285 552 13.9 16.6 0.93 0.21 
6H-90-C 13.83 52.66 279 566 14.9 19.3 0.84 0.22 
6K-0-A 13.45 51.21 283 563 17.4 24.9 0.68 0.23 
6K-0-B 14.43 52.64 283 528 16.5 20.8 0.73 0.21 
6K-0-C 14.07 53.31 285 534 16.5 18.1 0.69 0.22 
6K-45-A 13.94 53.62 283 539 16.9 24.6 1.00 0.22 
6K-45-B 14.07 53.07 287 534 16.7 23.7 1.12 0.21 
6K-45-C 13.81 52.53 285 543 17 23.2 1.05 0.22 
6K-90-A 13.85 52.5 357 584 8.4 8.5 - 0.19 
6K-90-B 14.35 50.95 315 554 13.2 13.6 0.82 0.21 
6K-90-C 14.47 53.46 319 544 12.9 13.1 0.87 0.2 
Table 9.6: Mechanical properties from static tensile tests for material No.6: H 
means batch annealing; K means continuous annealing 
Sample 
S0 
mm² 
L0 
mm 
Rp0.2 
MPa 
Rm 
MPa 
Ag 
% 
A50 
% 
r-value n-value 
7H-0-A 10.71 53 281 543 17.6 24.6 0.55 0.22 
7H-0-B 11.04 51.69 279 546 17.9 24 0.57 0.22 
7H-0-C 11.3 50.27 269 536 18.5 24.7 0.54 0.21 
7H-45-A 11.1 51.74 300 537 15.1 15.5 1.03 0.21 
7H-45-B 11.65 51.77 266 512 18.5 25.4 1.09 0.23 
7H-45-C 11.64 51.97 270 512 14.3 15.2 0.85 0.23 
7H-90-A 11.79 50.19 280 526 16.2 18.9 0.79 0.22 
7H-90-B 11.4 51.4 291 544 15 18 0.75 0.22 
7H-90-C 12.44 50.91 271 489 8.9 8.9 - 0.23 
7K-0-A 12.16 50 248 512 18.7 27.2 0.64 0.24 
7K-0-B 11.48 50.74 270 540 18.7 25.1 0.63 0.23 
7K-0-C 11.48 52.11 271 543 18.9 25.2 0.60 0.23 
7K-45-A 11.44 50.24 267 529 18.6 27.5 1.11 0.23 
7K-45-B 11.4 50.19 235 532 19.6 27.5 1.16 0.23 
7K-90-A 11.39 51.38 298 551 18.1 27.2 0.78 0.22 
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Sample 
S0 
mm² 
L0 
mm 
Rp0.2 
MPa 
Rm 
MPa 
Ag 
% 
A50 
% 
r-value n-value 
7K-90-B 11.41 48.26 448 599 4.1 5.3 - 0.13 
7K-90-C 11.26 50.12 309 564 17.7 25.1 0.71 0.21 
Table 9.7: Mechanical properties from static tensile tests for material No.7: H 
means batch annealing; K means continuous annealing 
Sample 
S0 
mm² 
L0 
mm 
Rp0.2 
MPa 
ReH 
MPa 
ReL 
MPa 
Rm 
MPa 
Ag 
% 
A50 
% 
r-value 
n-
value 
8H-0-A 10.5 51.68 183 - - 343 23.5 35.5 
[1]0.83 
[2]0.84 
0.26 
8H-0-B 10.7 51.07 176 - - 330 21.9 26.6 
[1]1.00 
[2]0.91 
0.26 
8H-0-C 10.42 51.59 175 - - 328 23.3 29.9 
[1]0.81 
[2]0.79 
0.27 
8H-45-A 10.39 52.38 - 190 188 351 20.9 25.3 
[1]0.66 
[2]0.63 
0.27 
8H-45-B 10.3 50.95 - 193 189 345 22.8 29.4 
[1]0.72 
[2]0.68 
0.26 
8H-45-C 10.53 50.13 - 193 191 339 19.9 22.4 0.70 0.26 
8H-90-A 10.53 51.02 - 194 194 351 22.9 34 
[1]1.22 
[2]1.19 
0.26 
8H-90-B 10.26 51.03 - 195 194 355 22 27.8 
[1]1.04 
[2]0.99 
0.27 
8H-90-C 10.64 51.5 - 200 196 329 11 11.2 1.10 0.28 
8K-0-A 10.26 51.52 - 400 375 468 21.1 29.8 
[1]1.35 
[2]1.25 
0.19 
8K-0-B 11.52 50 - 350 336 416 18.8 26.9 
[1]0.98 
[2]0.91 
0.07 
8K-0-C 10.55 50.83 - 369 368 455 19.8 27.8 
[1]0.98 
[2]0.93 
0.17 
8K-45-A 10.34 50.17 - 384 381 470 19 21.4 0.47 0.18 
8K-45-B 10.37 50.21 - 385 380 469 17.3 20.1 0.55 0.19 
8K-90-A 11.09 50.81 - 359 355 432 19.4 26.7 1.00 0.19 
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Sample 
S0 
mm² 
L0 
mm 
Rp0.2 
MPa 
ReH 
MPa 
ReL 
MPa 
Rm 
MPa 
Ag 
% 
A50 
% 
r-value 
n-
value 
8K-90-B 10.87 50.54 - 356 350 435 19.2 26.6 
[1]1.51 
[2]1.04 
0.16 
8K-90-C 10.31 49.78 - 378 372 464 20.6 26.3 
[1]1.27 
[2]1.15 
0.18 
Table 9.8: Mechanical properties from static tensile tests for material No.8: H 
means batch annealing; K means continuous annealing 
Sample 
S0 
mm² 
L0 
mm 
Rp0.2 
MPa 
Rm 
MPa 
Ag 
% 
A25 
% 
r-value n-value 
9-780-0-A 11.32 24.14 443 558 1.2 1.3 - - 
9-780-0-B 11.84 25.18 490 898 14.6 14.6 - 0.18 
9-780-0-C 11.73 27.68 493 848 12.4 12.4 0.76 0.19 
9-780-90-A 11.46 25.18 539 867 11.7 11.7 0.95 0.16 
9-780-90-B 11.16 25.98 528 868 13.4 13.4 1.23 0.22 
9-780-90-C 11.79 24.68 528 869 14.5 14.5 1.08 0.24 
9-830-0-A 11.18 25.92 483 926 18.9 18.9 0.82 0.28 
9-830-0-B 11.64 24.5 459 946 22.6 22.6 
[1]0.82 
[2]0.78 
0.28 
9-830-0-C 11.34 25 490 932 19.5 20.3 0.84 0.29 
9-830-90-A 11.44 25 503 865 15.7 15.8 1.01 0.24 
9-830-90-B 11.54 25.86 499 884 17.2 17.2 1.14 0.26 
9-830-90-C 11.47 25 511 871 15 15.1 1.19 0.25 
Table 9.9: Mechanical properties from static tensile tests for material No.9 
Sample 
S0 
mm² 
L0 
mm 
Rp0.2 
MPa 
ReH 
MPa 
ReL 
MPa 
Rm 
MPa 
Ag 
% 
A50 
% 
r-value 
n-
value 
10W-0-A 42.82 52.09 360 - - 545 6.7 9 - 0.1 
10W-0-B 42.65 51.9 369 - - 543 5.8 6.9 - 0.1 
10W-0-C 42.72 50.81 366 - - 535 5.4 7.1 - 0.11 
10W-90-A 42.5 51.47 359 - - 538 5.8 5.9 - 0.13 
10W-90-B 40.88 53.52 365 - - 534 6.7 6.8 - 0.12 
10W-90-C 43.43 50.53 364 - - 536 5.2 5.4 - 0.1 
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Sample 
S0 
mm² 
L0 
mm 
Rp0.2 
MPa 
ReH 
MPa 
ReL 
MPa 
Rm 
MPa 
Ag 
% 
A50 
% 
r-value 
n-
value 
10H-0-A 16.57 49.5 264 - - 500 14.1 18.7 0.56 0.2 
10H-0-B 16.77 49.3 280 - - 496 9.1 9.4 - 0.21 
10H-0-C 16.39 49.27 282 - - 508 13.6 19.5 0.54 0.19 
10H-45-A 17.12 49.59 263 - - 492 13.2 14.8 0.63 0.2 
10H-45-B 16.94 49.67 267 - - 493 13.5 17.5 0.67 0.19 
10H-45-C 18.02 51.69 269 - - 464 7.2 7.3 - 0.2 
10H-90-A 17.2 50 276 - - 493 12 12.6 0.80 0.18 
10H-90-B 17.74 50.49 267 - - 473 8.5 8.7 
 
0.2 
10H-90-C 17.36 48.75 273 - - 490 12.6 13.6 0.80 0.18 
10K-0-A 17.1 50.47 - 592 585 592 12.7 13.9 0.60 0.18 
10K-0-B 17.05 49.63 - 406 405 606 12.3 14.2 0.59 0.19 
10K-0-C 17.06 50.82 - 592 592 593 10.6 10.9 0.61 0.18 
10K-45-A 18.58 51.37 - 526 524 526 5 5 - 0.2 
10K-45-B 17.29 49.78 - 589 587 589 7.9 7.9 - 0.2 
10K-45-C 16.89 49.83 - 424 421 594 9.1 9.3 - 0.19 
10K-90-A 17.3 51.99 - 456 451 585 5.7 5.8 - 0.19 
10K-90-B 17.19 50.52 - 444 444 598 6.7 6.8 - 0.19 
10K-90-C 17.13 50.62 - 449 447 604 7.7 7.7 - 0.18 
Table 9.10: Mechanical properties from static tensile tests for material No.10: W 
means hot rolled sheets; H means batch annealing; K means 
continuous annealing 
Sample 
S0 
mm² 
L0 
mm 
Rp0.2 
MPa 
ReH 
MPa 
ReL 
MPa 
Rm 
MPa 
Ag 
% 
A50 
% 
r-value 
n-
value 
11W-0-A 16.42 24.52 362 - - 478 2 2.3* - - 
11W-0-B 16.09 25.14 370 - - 492 2 2.2* - - 
11W-0-C 15.94 22.71 369 - - 483 1.8 1.8* - - 
11W-90-A 43.43 49.06 389 - - 567 4.5 4.7 - 0.11 
11W-90-B 44.05 49.94 369 - - 573 5 5.2 - 0.12 
11W-90-C 45.08 49.08 394 - - 565 5.1 5.4 - 0.11 
11H-0-A 18.35 51.29 264 - - 459 11.5 11.8 0.55 0.18 
11H-0-B 18.12 49.29 261 - - 464 11.3 11.8 0.48 0.19 
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Sample 
S0 
mm² 
L0 
mm 
Rp0.2 
MPa 
ReH 
MPa 
ReL 
MPa 
Rm 
MPa 
Ag 
% 
A50 
% 
r-value 
n-
value 
11H-0-C 18.23 51.77 262 - - 462 12.3 12.8 0.47 0.19 
11H-45-A 18.39 52.24 274 - - 473 8.3 8.4 - 0.19 
11H-45-B 18.65 49.72 267 - - 458 8.4 8.6 - 0.19 
11H-45-C 17.7 49.8 280 - - 490 10.4 10.8 0.56 0.19 
11H-90-A 18.25 49.58 - 396 391 496 6.7 6.8 - 0.16 
11H-90-B 18.69 49.96 - 397 382 489 6.6 6.7 - 0.16 
11H-90-C 18.49 51.24 - 383 376 486 6.9 7.1 - 0.16 
11K-0-A 17.05 48.71 - 444 440 596 6.7 6.9 - 0.18 
11K-0-B 17.53 50.88 - 442 441 562 5.2 5.3 - 0.19 
11K-0-C 17.88 51.87 - 428 423 542 4.6 4.6 - 0.19 
11K-45-A 17.06 49.75 - 445 444 607 9.1 9.2 - 0.17 
11K-45-B 17.81 50.22 - 432 429 576 6.5 6.5 - 0.18 
11K-45-C 17.13 50.45 - 452 451 599 6.8 6.8 - 0.18 
11K-90-A 7.02 25.59 - 484 482 605 6.3 6.3* - - 
11K-90-B 7.38 25.91 - 449 448 558 4.6 4.6* - - 
11K-90-C 6.82 26.49 - 501 497 601 5 5.1* - - 
Table 9.11: Mechanical properties from static tensile tests for material No.11: W 
means hot rolled sheets; H means batch annealing; K means 
continuous annealing; * means A25 samples 
Concepts 
Density 
g/cm3 
Hardness 
HV10 
Elastic 
modulus 
GPa 
Yield 
strength 
MPa 
Tensile 
strength 
MPa 
Total 
elongation 
% 
1 
Fe-8%TiC HIP 
batch annealing 
7.439 248 220 
173 366 17 
Fe-8%TiC HIP 
conti. annealing 
291 414 10.7 
2 
Fe-8%TiC conv. 
batch annealing 
7.536 179 224 
227 444 26.7 
Fe-8%TiC conv. 
conti. annealing 
483 640 16.4 
3 
Fe-10%TiB2 twin-
roller 
7.246 405 241 - - - 
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Concepts 
Density 
g/cm3 
Hardness 
HV10 
Elastic 
modulus 
GPa 
Yield 
strength 
MPa 
Tensile 
strength 
MPa 
Total 
elongation 
% 
4 
Fe-5%TiB2 twin 
roller CHC 
7.586 268 230 
319 586 13.3 
Fe-5%TiB2 twin 
roller HHC 
389 635 10.2 
5 
Reference twin 
roller CHC 
7.807 142 216 167 289 12.6 
6 
Fe-10%TiB2 conv. 
batch annealing 
7.409 163 243 
293 546 22.7 
Fe-10%TiB2 conv. 
conti. annealing 
284 542 21.3 
7 
Fe-5%TiB2 conv. 
batch annealing 
7.576 171 230 
276 542 24.4 
Fe-5%TiB2 conv. 
conti. annealing 
263 532 25.8 
8 
Reference conv. 
batch annealing 
7.811 116 213 
178 334 30.7 
Reference conv. 
conti. annealing 
366 446 28.2 
9 
X-IP-6%TiC conv. 
780°C conti. 
7.713 245 191 
492 873 13.5 
X-IP-6%TiC conv. 
830°C conti. 
477 935 20.6 
10 
Fe-5%TiB2-
5%Fe2B conv. 
batch annealing 
7.64 222 229 
275 501 19.1 
Fe-5%TiB2-
5%Fe2B conv. 
conti. annealing 
400 597 13 
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Concepts 
Density 
g/cm3 
Hardness 
HV10 
Elastic 
modulus 
GPa 
Yield 
strength 
MPa 
Tensile 
strength 
MPa 
Total 
elongation 
% 
11 
Fe-5%TiB2-
8%Fe2B conv. 
batch annealing 
7.635 214 234 
262 461 12.1 
Fe-5%TiB2-
8%Fe2B conv. 
conti. annealing 
437 567 5.6 
Table 9.12: Summarization of mechanical properties for all the products 
Sample 
L0 
mm 
D0 
mm 
B0 
mm 
Rp0.2 
MPa 
Rm 
MPa 
Ag 
% 
A 
% 
r-value n-value 
10H: 1/s 20 1.37 9.96 338 508 13.9 16.7 0.997 0.145 
10H: 10/s 20 1.38 9.98 415 541 11.4 13.1 0.999 0.173 
10H: 100/s 20 1.39 9.99 430 558 10.9 14.8 0.999 0.126 
10K: 1/s 20 1.33 10.09 465 618 14.2 16.1 0.998 0.161 
10K: 10/s 20 1.32 10.09 453 647 13.1 16.5 0.996 0.192 
10K: 100/s 20 1.32 10.08 523 673 12.1 16.2 0.999 0.138 
11H: 1/s 20 1.42 9.94 328 510 12.9 15.3 0.999 0.139 
11H: 10/s 20 1.40 9.96 350 527 12.4 15.1 0.999 0.152 
11H: 100/s 20 1.40 9.94 414 548 11.5 16.7 0.998 0.131 
11K: 1/s 20 1.28 10.11 476 604 8.8 9.3 0.995 0.175 
11K: 10/s 20 1.30 10.09 466 621 9.2 10.4 1.000 0.129 
11K: 100/s 20 1.30 10.09 479 643 9.9 12.9 0.997 0.127 
Table 9.13: Mechanical properties from dynamic tensile tests for material No.10&11: 
H means batch annealing; K means continuous annealing 
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Figure 9.1: Smoothed engineering stress-strain curve from dynamic tensile tests at 
strain rate 1/s for material No.10&11 compared with reference steel 
HX340LAD: H means batch annealing; K means continuous annealing 
 
Figure 9.2: Smoothed engineering stress-strain curve from dynamic tensile tests at 
strain rate 10/s for material No.10&11 compared with reference steel 
HX340LAD: H means batch annealing; K means continuous annealing 
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Figure 9.3: Smoothed engineering stress-strain curve from dynamic tensile tests at 
strain rate 100/s for material No.10&11 compared with reference steel 
HX340LAD: H means batch annealing; K means continuous annealing 
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